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INTRODUCTION 

Resistance  to  available  chemotherapy  is  central  to  our  failure  to  cure  many  advanced  breast  cancers. 
The  mechanisms  responsible  for  drug  resistance  in  breast  cancer  are  likely  to  be  multiple.  However, 
expression  of  the  protein  product  of  the  MDR1  gene  P-glycoprotein  (Pgp),  appears  to  correlate  with 
a  more  than  3 -fold  increase  in  the  relative  risk  of  breast  cancers  to  fail  to  respond  to  systemic 
chemotherapy  [1],  Pgp  is  a  membrane  glycoprotein  whose  expression  in  vitro  confers  a  multidrug 
resistant  phenotype,  apparently  by  an  active  efflux  mechanism  from  the  cell  membrane  bilayer  [2]. 
Pgp  substrates  include  several  critical  anticancer  agents  including  anthracyclines,  taxanes,  vinca 
alkaloids  and  epipodophyllotoxins  [3].  Inhibition  of  the  resistance  to  anticancer  substrates  conferred 
by  Pgp  has  been  demonstrated  for  several  compounds  [4],  several  of  which  may  act  by  a  competitive 
mechanism  [5-12].  Relatively  few  of  these  agents  have  reached  clinical  trial  [13],  These  include 
“first  generation”  MDR1  -reversing  drugs  originally  designed  for  different  purposes  (e.g.,  verapamil 
and  cyclosporin  A),  whose  efficacy  is  often  limited  by  toxicity  related  to  their  original 
pharmacological  purpose  [14-17].  “Second  generation”  MDR1  inhibitors  include  drugs  structurally 
related  to  first  generation  drugs,  but  selected  to  be  less  toxic.  These  include  dexverapamil, 
dexniguldipine  and  S9788,  drugs  whose  use  is  anyway  limited  by  cardiovascular  toxicity  [18-21]. 
Finally,  “third  generation”  drugs  are  supposedly  the  result  of  a  targeted  drug  discovery  approach. 
Perhaps,  the  most  advanced  in  clinical  trial  is  the  cyclosporin  analog  SDZ  PSC  833  (Valspodar). 
Evidence  of  activity  of  this  drug  has  been  obtained  in  refractory  or  relapsed  multiple  myeloma  and 
acute  myelogenous  leukemia  [22,  23].  However,  SDZ  PS  833  administration  can  cause 
hyperbilirubinemia  (frequently)  and,  sporadically,  severe  ataxia  [23, 24].  This  drug  has  since  been 
withdrawn  from  clinical  trials.  The  toxicities  observed  so  far  highlight  the  need  for  more  rationally 
designed  agents  with  improved  therapeutic  index. 

We  have  used  a  rational  analog-based  approach  to  the  design  of  new  and  more  effective  MDR1- 
reversing  agents.  We  have  selected  a  natural  and  relatively  non-toxic  steroid,  progesterone  as  our 
lead  compound.  Progesterone  is  the  most  potent  inhibitor  of  the  MDR1  phenotype  among  major 
physiological  steroids  [25].  We  introduced  modifications  based  on  the  available  knowledge  about 
the  structural  determinants  of  both  MDR1  and  of  the  steroid  hormonal  activity  [26],  and  our  own 
work  presented  in  the  original  proposal.  We  designed  and  synthesized  progesterone  analogs  where 
a  bulky  side  chain,  including  one  or  two  aromatic  rings  and  a  urea  group,  is  substituted  on  the  C7 
position  of  the  steroidal  nucleus.  In  preliminary  evaluations,  these  novel  analogs  of  progesterone 
(PgA)  showed  not  only  an  increased  MDR1  reversing  activity  (up  to  35  fold  higher  than  the  parental 
compound,  in  terms  of  both  chemosensitization  and  increased  cell  accumulation  of  vinblastine),  but 
also  decreased  progesterone  agonist  and  glucocorticoid  agonist/antagonist  activities.  The  most 
favorable  ratio  of  MDR1 -reversing  to  hormonal  activity  was  observed  with  PgA4,  an  analog  where 
the  C7  side-chain  includes  two  aromatic  rings  (rings  E  and  F)  connected  by  a  urea-containing  bridge 
(data  presented  in  the  original  Proposal). 

This  research  project  was  dedicated  to  the  optimization  of  the  MDR1  reversing  activity  of  C-7 
progesterone  analogs,  to  the  investigation  of  their  mechanism  of  action  and  to  the  evaluation  of  the 
in  vivo  efficacy  of  one  of  the  analogs  (PgA4). 
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METHODS 


Cell  lines. 

For  our  in  vitro  and  in  vivo  experiments  we  used  cells  transduced  with  a  retroviral  vector  directing 
the  constitutive  expression  of  the  Pgp  gene  (MDA435/LCC6mdr1)  and  their  parental,  Pgp-negative 
MDA435/LCC6  human  breast  cancer  cells.  Both  MDA435/LCC6  and  MDA435/LCC6mdri  cells  are 
estrogen  and  progesterone  receptor  negative,  grow  as  monolayer  cultures  in  vitro,  and  as  rapidly 
proliferating  solid  tumors  and  malignant  ascites  in  vivo  in  nude  mice  [27].  The  cells  were  routinely 
grown  in  vitro  in  Improved  Minimal  Essential  Media  (Biofluids)  containing  5%  fetal  bovine  serum 
in  a  5%  C02:  95%  air  atmosphere.  For  some  of  our  in  vivo  experiments  we  also  used  Pgp-positive 
P388/ADR  murine  leukemia  cell  line.  This  cell  line  was  obtained  by  selection  of  Pgp-negative  P388 
cells  with  doxorubicin  [28],  These  cells  were  cultured  in  RPMI  1640  growth  media  containing  10% 
FCS. 

Evaluation  of  in  vitro  MDR1 -reversing  activity:  Doxorubicin  Accumulation  Assay 
The  MDR1 -reversing  activity  of  all  new  agents  was  evaluated  in  terms  of  their  effect  on  doxorubicin 
accumulation  in  MDA435/LCC6MDR1  human  breast  cancer  cells.  Pgp-negative  MDA435/LCC6  were 
used  as  a  negative  control  and  to  evaluate  non-specific  effects.  MDA435/LCC6  and 
MDA435/LCC6mdr1  cells  were  plated  at  2.5  x  105  cells/well  in  the  wells  of  24-well  plates,  and 
incubated  for  24  hrs  at  37  °C  in  a  humidified,  95%  air/5%  C02  atmosphere.  24  hours  after  plating, 
cells  were  treated  by  exchanging  spent  media  with  the  media  containing  the  test  compounds  at  4 
different  concentrations  +  doxorubicin  4  pM  (0.5  ml/well).  All  treatments  were  carried  out  in 
triplicate.  Cell  cultures  were  then  reincubated  at  37  °C  for  3  hours.  Treatments  were  stopped  by 
carefully  washing  wells  once  with  0.5  ml/well  ice-cold  NaCl  (0.15  M).  Cells  from  reference  wells 
in  each  plate  were  counted.  Doxorubicin  was  extracted  from  the  cell  monolayer  in  the  remaining 
wells  by  first  adding  0.75  ml  dH20,  and  then  0.75  ml  40%  trichloroacetic  acid  per  well.  Plates  were 
incubated  overnight  at  4  °C  in  the  dark.  For  spectrofluorimetry,  1 .2  ml  of  the  extract  from  each  well 
were  transferred  into  13  x  100  mm  borosilicate  glass  tubes  placed  in  the  10  x  10  rack  of  a  Hitachi 
A3000  Autosampler.  The  autosampler  was  connected  to  a  Hitachi  F4500  Spectrofluorimeter. 
Fluorescence  of  each  sample  was  read  at  500  nm  excitation  and  580  nm  emission  wavelengths.  The 
doxorubicin  concentration  in  each  sample  was  calculated  by  interpolation  on  a  doxorubicin  standard 
curve  and  normalized  by  extract  volume  and  number  of  cells  per  well. 

Analysis  of  data  from  accumulation  studies.  Results  were  plotted  both  in  terms  of  the  estimated  drug 
concentration  per  106  cells  and  as  the  percentage  of  drug  accumulation  differential  (difference 
between  accumulation  in  untreated  MDA435/LCC6  and  MDA435/LCC6mdr1  cells)  reversal  vs.  test 
compound  concentration.  MDR1 -reversing  potency  was  calculated  in  terms  of  the  chemosensitizer 
concentration  that  induces  a  50%  reduction  in  the  drug  accumulation  differential  (EC50)  in  the  Pgp- 
positive  cells,  by  interpolation  on  the  dose-response  curve.  A  “MDR1 -specific”  EC50  value  was 
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obtained  by  interpolation  on  the  dose-response  curves  corrected  by  subtraction  of  the  accumulation 
effect  in  the  Pgp-negative  cells. 

Evaluation  of  in  vitro  toxicity. 

MDA435/LCC6  and  MDA435/LCC6mdr1  cells  were  plated  in  96-well  plates  and,  24  hours  later  , 
they  were  exposed  to  growth  media  containing  different  concentrations  of  the  test  agents 
(progesterone,  C7  progesterone  analogs,  cyclosporin  A  or  verapamil)  for  5  days.  Cell  cultures  were 
then  fixed  and  stained  by  incubation  in  a  0.5%  (w/v)  crystal  violet  solution  in  25%  methanol  (v/v). 
After  plates  had  dried,  the  dye  was  extracted  in  0.1  M  sodium  citrate  in  25%  methanol  (v/v)  and 
absorbance  was  read  at  540  nm  using  a  microplate  spectrophotometer.  Absorbance  directly  correlates 
with  cell  number  in  this  assay.  Cell  survival  curves  were  obtained  by  plotting  absorbance  values  (as 
%  of  untreated  controls)  against  drug  concentration.  The  toxicity  of  each  drug  was  summarized  in 
terms  of  IC50,  the  concentration  decreasing  cell  density  by  50%  at  the  end  of  the  treatment  period. 
For  those  drugs  that  produced  a  detectable  IC50,  the  ratio  of  IC50  values  in  MDA435/LCC6mdr1  and 
MDA435/LCC6  cells  provide  an  estimate  of  the  relative  resistance  of  Pgp-positive  cells.  Ratios  of 
>  1  are  suggestive  of  a  possible  transport  of  the  test  drugs  by  Pgp. 

Evaluation  of  UV  profile  and  Specific  Absorption  Coefficient  (Zs/) 

PgA4  was  dissolved  in  methanol  at  1  mg/ml.  An  aliquot  from  this  stock  was  diluted  to  1 0  pg/ml  in 
methanol.  The  UV  profile  of  the  diluted  solution  was  evaluated  using  a  Beckman  DU-460 
spectrophotometer  by  scanning  its  absorbance  between  190  and  390  nm  wavelength.  Based  on  PgA4 
UV  profile,  we  chose  245  nm  as  our  reference  wavelength  for  future  evaluations,  as  this  corresponds 
to  a  plateau  in  the  UV  profile.  The  specific  absorption  coefficient  E/,  defined  as  the  absorption  at 
path  length  1  cm  and  compound  concentration  10  mg/ml,  was  calculated  by  multiplying  the  recorded 
absorption  at  245  nm  wavelength  by  1000. 

Evaluation  of  PgA4  solubility 

A  saturating  amount  of  PgA4  was  suspended  in  the  test  vehicle  and  was  kept  shaking  overnight,  at 
room  temperature.  The  drug  suspension  was  then  spun  in  a  microfuge  at  13,200  rpm  for  10  min  and 
the  supernatant  filtered  through  Micropure  separators  (Amicon).  After  a  1:200  dilution  in  the  same 
vehicle,  the  filtrates  were  evaluated  for  UV  absorption  at  245  nm.  Drug  concentration  in  the 
undiluted  filtrates,  assumed  to  represent  its  solubility  in  the  specific  vehicle,  was  calculated  as: 

Cs  =  A  x  dfx  10/  Ej1 

where  Cs  represents  drug  solubility,  A  the  absorption  at  245  mn  wavelength,  dfihe,  factor  by  which 
filtrates  were  diluted  (=200),  and  E/  is  the  specific  absorption  coefficient  and  is  =376  (as  described 
above). 

Evaluation  of  in  vivo  toxicity. 

NCr  nu/nu  female  athymic  nude  mice  (two  per  treatment  group)  were  treated  with  either  PgA4, 
prepared  at  1.5  mg/ml  in  20%  2-hydroxypropyl-  -cyclodextrin,  15  mg/Kg,  or  the  same  amount  of 
vehicle  sc,  twice  a  day  for  3  days.  Mice  were  observed  for  immediate  or  delayed  signs  of  toxicity 
(mortality,  altered  behavior,  decrease  in  body  weight  gain). 
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Evaluation  of  the  effect  on  anticancer  drug  on  in  vivo  toxicity 

Effect  of  PgA4  on  doxorubicin  toxicity.  We  administered  PgA4  as  described  above  for  the  PgA4 
toxicity  studies,  i.e.,  s.c  ,  every  12  hours  for  6  times.  The  dose  of  PgA4  per  inoculation  was  28 
mg/Kg  (i.e.,  higher  than  average,  in  this  instance).  Doxorubicin  (8  mg/Kg)  was  administered  i.v.  at 
the  time  of  PgA4's  5th  inoculation. 

Effect  ofPgA4  on  taxol  toxicity.  We  evaluated  the  effect  of  PgA4  on  the  in  vivo  toxicity  of  taxol. 
For  this  experiment,  taxol  was  administered  i.v.  at  8  mg/Kg  weekly  for  four  weeks.  PgA4  was 
administered  s.c.  at  a  dose  of  15  mg/Kg,  6  times  weekly:  at  the  time  of  taxol  treatment,  and  48,  36, 
24,  12  hours  before,  and  12  hours  after  taxol  treatment. 

Evaluation  of  in  vivo  MDR1  reversing  activity. 

In  most  of  our  experiments  we  used  NCr  nu/nu  female  athymic  nude  mice  inoculated  either  i.p 
(doxorubin  accumulation  assays)  or  s.c.  with  MDA435/LCC6  (control)  or  MDAdSS/LCCb1^'  cells. 
However,  for  survival  experiments  we  used  DBA/2  mice  inoculated  i.p  with  lxlO6  P388  (Pgp- 
negative  control)  or  P388/ADR  (Pgp-positive)  cells.  Different  endpoints  and  different  schedules  of 
drug  administration  were  used  to  evaluate  MDR1  reversing  activity. 

Doxorubicin  accumulation  endpoint.  In  these  experiments,  we  used  NCr  nu/nu  female  athymic  nude 
mice  inoculated  i.p  with  either  lxlO6  MDA435/LCC6  (control)  or  MDA435/LCC6mdr1  cells.  Mice 
were  treated  with  PgA4  as  soon  as  the  ascites  started  to  develop.  PgA4,  prepared  at  the  maximal 
achievable  concentration  in  a  20%  2-hydroxypropyl-  -cyclodextrin  solution,  was  administered  s.c., 
10  jixl/g  body  weight,  in  the  interscapular  region  twice  a  day  for  3  days.  Control  mice  were  treated 
with  vehicle  only.  Doxorubicin,  12  mg/Kg,  was  administered  as  a  single  iv  inoculation  immediately 
following  the  5th  inoculation  of  PgA4.  Control  mice  received  an  equivalent  amount  of  saline 
solution.  24  hours  after  doxorubicin  inoculation,  the  mice  were  sacrificed.  The  ascitic  fluid  was 
collected  and  spun  in  a  microfuge  at  4000  rpm  for  4  min,  the  relative  pellet  extracted  with  20% 
trichloroacetic  acid  and  the  extract  evaluated  for  doxorubicin  content  fluorimetrically,  as  described 
above  for  in  vitro  evaluations. 

Tumor  growth  inhibition  endpoint.  Tumors  were  obtained  by  inoculating  s.c.  into  the  left  flank  of 
female  NCr  nu/nu  mice  lxlO6  MDA435/LCC6mdr1  cells  from  a  donor  mouse.  The  same  mice  were 
inoculated  in  the  right  flank  with  an  equal  number  of  Pgp-negative  parental  MDA435/LCC6  cells. 
Treatments  were  applied  starting  on  the  day  following  cell  inoculation.  Treatment  administration 
was  the  same  as  described  above  for  the  evaluation  of  PgA4  effect  on  taxol  in  vivo  toxicity.  Tumor 
sizes  were  measured  2-3  times  per  week.  Any  increase  in  the  inhibition  of  tumor  growth  specific  or 
preferential  to  MDA435/LCC6MDR1  tumors  is  assumed  to  represent  a  cancer  cell  MDR1 -specific 
effect,  while  any  increase  in  the  inhibition  of  MDA435/LCC6  tumor  growth  more  likely  represents 
the  result  of  PgA4  interaction  with  the  anticancer  drug  pharmacokinetics. 

Survival  endpoint:  local  administration  of  PgA4.  DBA/2  mice,  inoculated  i.p.  with  106  Pgp- 
expressing  P3 8 8/ADR  cells  on  day  0,  were  treated  by  the  same  route  (i.p.)  with  PgA4  1 .4  mg/Kg  (10 
ul/g  of  body  weight  of  a  solution  0.14  mg/ml  in  20%  2-hydroxypropyl-  -cyclodextrin;  in  5  mice)  or 
the  equivalent  amount  of  vehicle  (5  mice),  and  doxorubicin  HC1 2.5.  mg/Kg,  on  days  1,  5  and  9. 
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Survival  endpoint:  systemic  administration  ofPgA4.  On  day  0,  DBA/2  mice,  were  inoculated  i.p. 
with  either  106  Pgp-expressing  P3  88/ADR  cells  or  Pgp-negative  parental  P388  cells.  10  mice  per  cell 
line  were  assigned  to  each  of  four  treatment  groups:  i.  Vehicle  only  (control);  ii.  PgA4  only;  iii. 
doxorubicin  only;  iv.  PgA4  +  taxol.  Pga4  was  administered  s.c.  1 .4  mg/Kg  (or  the  equivalent  amount 
of  vehicle),  and  doxorubicin  was  administed  i.p.  at  2.5  mg/Kg  (or  the  equivalent  amount  of  vehicle). 
Both  PgA4  and  Doxorubicin  were  administered  on  days  1,  5  and  9. 

Preparation  of  immobilized  Pgp  stationary  phase  and  evaluation  of  substrate  binding  by 
affinity  chromatography. 

The  methodology  used  to  immobilize  Pgp  in  the  stationary  phase  of  a  chromatographic  column,  and 
to  evaluate  Pgp  substrate  binding  by  affinity  chromatography,  is  described  in  detail  elsewhere 
[29,30].  Briefly,  for  the  preparation  of  Pgp  stationary  phase,  MDA43  5/LCC6MDR '  cells  (from  20  to 
200  x  106)  were  harvested  in  30  ml  of  PBS  saline  and  homogenized  for  20  sec  with  a  Brinkmann 
Polytron  homogenizer.  The  homogenates  were  centrifuged  at  35,000  x  g  for  10  min  and  the  pellets 
were  suspended  in  4  ml  solubilization  solution  (50  mM  Tris-HCl,  pH  7.4,  250  mM  NaCl,  0.5% 
CHAPS,  2  mM  DTT,  5%  glycerol)  and  stirred  for  1  hr  at  0  °C. 

200  mg  of  dried  IAM  particles  were  suspended  in  4  ml  of  the  receptor-detergent  solution  and  stirred 
for  1  hour  at  4  °C.  The  mixture  was  dialyzed  against  dialysis  buffer  (150  mM  NaCl,  10  mM  Tris- 
HCl  buffer,  pH  7.4,  1  mM  EDTA)  for  72  hours  at  4  °C.  The  obtained  Pgp-IAM  particles  were 
washed  with  the  buffer  by  centrifugation  and  packed  in  a  glass  column  (id  0.5  cm). 

We  used  frontal  chromatography  to  calculate  the  dissociation  constants,  Kd,  for  the  marker  and 
displacer  ligands.  The  experimental  approach  involves  the  variation  of  the  concentrations  of 
competitive  unlabeled  ligands  (e.g.,  vinblastine,  verapamil,  doxorubicin  or  cyclosporin  A)  with  a 
fixed  concentration  of  tracer  ligand  (e.g.,  [3H]verapamil,  [3H]vinblastine  or  [3H]cyclosporin  A). 
The  association  constants  of  T,  KT,  and  the  test  drug,  Kdrug,  as  well  as  the  number  of  the  active  and 
available  binding  sites  of  immobilized  receptors,  P,  can  be  calculated  from  the  retention  volumes  of 
the  tracer  ligands  using  the  following  equations,  Eqn  1  and  Eqn  2. 

(Vmax  -V)-1  =  (1+[T]  Kt)(  Vmin  [P]  Kt)-'+(1+[T]  Kt)2  (Vmin  [P]  Kj-K^g)'1  [drug]1  (Eqn  1) 

(V  -  Vmi  J‘  =  (  Vmin  [P]  Kt)'1  +  (  Vinin  [P])'1  [T]  (Eqn  2) 

In  the  above  equations,  V  is  the  retention  volume  of  T;  Vmax,  the  retention  volume  of  T  at  low 
concentration  and  in  the  absence  of  drugs;  Vmin,  the  retention  volume  of  T  when  the  specific 
interaction  is  completely  suppressed.  The  value  of  Vmin  is  determined  by  running  T  in  a  series  of 
concentration  of  drugs  and  plotting  l/(  Vmax  -V)  versus  l/[drug]  extrapolating  to  infinite  [drug  ]. 
From  the  above  plot  and  a  plot  of  1/(V  -  Vmin)  vs.  [T],  dissociation  constant  values,  Kd,  for  T  and  the 
drugs  are  obtained. 
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General  Considerations 

All  reactions  were  carried  out  under  an  atmosphere  of  nitrogen  using  standard  Schlenk  techniques 
[31].  Benzene  and  chloroform  were  distilled  from  CaH2,  stored  over  3A  molecular  sieves  and 
deaerated  by  purging  with  nitrogen  immediately  before  use.  Thin-layer  chromatography  was 
performed  using  Merck  glass  plates  pre-coated  with  F254  silica  gel  60;  compounds  were  visualized 
by  UV  and/or  with  p-anisaldehyde  stain  solution.  Flash  chromatography  was  performed  using  EM 
Science  silica  gel  60,  following  the  procedure  of  Still  [32],  with  the  solvent  mixtures  indicated. 
Melting  points  were  measured  on  a  Thomas-Floover  Capillary  Melting  Point  Apparatus,  and  are 
uncorrected. 

Reagents 

All  reagents  were  purchased  from  commercial  suppliers,  and  used  as  received,  unless  indicated 
otherwise.  Dioxane  was  purchased  from  Aldrich  in  Sure-Seal  bottles. 

Spectroscopic  Methods 

NMR  spectra  were  measured  on  Nicolet  NT  270  and  Varian  Mercury  300  MHz  instruments  at  the 
Georgetown  NMR  Facility;  chemical  shifts  are  reported  in  units  of  parts  per  million  relative  to 
Me4Si.  All  spectra  are  recorded  in  CDC13.  Significant  !H  NMR  data  are  tabulated  in  the  following 
order:  multiplicity  (s,  singlet;  d,  doublet;  t,  triplet;  q,  quartet;  m,  multiplet),  coupling  constants  in 
Hertz,  and  number  of  protons.  13C  NMR  spectra  were  recorded  at  frequencies  of  67.9  and  75.6  MHz. 
IR  spectra  were  measured  on  a  MID  AC  Corp.  or  a  Mattson  Galaxy  2020  Series  FTIR,  as  neat  films; 
absorption  bands  are  reported  in  cm'1.  Low-  resolution  mass  spectra  were  measured  on  a  Fisons 
Instruments  MD  800  quadrupole  mass  spectrometer,  with  70  ev  electron  ionization,  and  a  GC  8000 
Series  gas  chromatograph  inlet,  using  a  J  &  W  Scientific  DB-5MS  column  of  1 5  m  length,  0.25  mm 
i.d.  and  0.25  pm  film  thickness.  Mass  spectra  data  are  given  as  m/e,  with  the  relative  peak  height 
following  in  parentheses. 

Compound  Characterization 

All  new  compounds  were  characterized  by  'H  NMR,  IR  and  13C  NMR  spectroscopies.  Fast  atom 
bombardment  mass  spectra  (FABMS)  were  recorded  at  the  University  of  Maryland  College  Park  of 
Mass  Spectrometry  Facility.  Literature  references  are  given  for  all  known  compounds,  with  the 
exception  of  those  that  are  commercially  available;  all  known  compounds  were  identified  by  ’H 
NMR  spectroscopy. 

Preparation  and  Characterization  of  Compounds  (Scheme  1) 

Step  1:  Synthesis  of  Dehydroprogesterone.  /j-Toluenesulfonic  acid  monohydrate  (11.0  g,  63.9 
mmol)  was  dehydrated  in  freshly  distilled  benzene  (320  mL)  via  azeotropic  refluxing  employing  a 
Dean-Stark  trap.  After  1  h,  cooled  the  solution  for  0.5  h,  and  progesterone  (5.0  g,  15.9  mmol)  and 
2,3-dichloro-5,6-dicyano-l,4-benzoquinone  (4.6  g,  20.3  mmol)  were  added.  The  olive  mixture  was 
refluxed  for  3  hrs,  and  then  was  filtered  through  a  pad  of  Celite.  The  filtrate  was  washed  with  sat. 
NaCl  (5  x  20  mL),  followed  by  1%  NaOH  solution  until  it  gave  clear  solution,  and  then  dried  over 
MgS04.  The  solvent  was  removed  under  reduced  pressure  and  purified  by  chromatography. 
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Step  2:  Synthesis  of  7  -[4’-(aminophenyl)thio]-pregna-4-ene-3,20-dione  (PgAl),  7  -[4 
(aminophenyl)thio]-pregna-4-ene-3,20-dione  (PgA37)  or  7  -[4’-(aminophenyl)thio]-pregna-4-ene- 
3,20-dione  (PgA39).  Dehydroprogesterone  (1.65  g,  5.28  mmol),  NaOH  (pellet,  1 16  mg,  2.9  mmol), 
and  4-aminothiophenol  (for  PgAl),  or  3-aminothiophenol  (for  PgA37)  or  2-aminothiophenol  (for 
PgA39;  each,  1 .32  g,  10.56  mmol)  were  placed  in  a  Schlenk  tube,  which  was  purged  with  a  constant 
flow  of  N2  (g).  Deoxygenated  anhydrous  dioxane  (25  mL)  was  added  and  heated  at  74°C  for  6  days. 
The  mixture  was  then  concentrated  under  reduced  pressure,  purified  by  chromatography. 

Step  3:  Synthesis  of  additional  progesterone  analogs.  A  suspension  of  PgAl,  or  PgA37,  or  PgA39, 
in  degassed  chloroform  was  treated  with  the  appropriate  isocyanates  under  N2.  The  mixture  was 
stirred  for  12  hrs,  and  then  chromatographed  directly  on  silica  gel  to  afford  the  corresponding  ureas 
as  oil.  The  resulting  oil  was  stirred  in  ether  until  white  powder  came  out. 


RESULTS 

OBJECTIVE  1:  IN  VIVO  EVALUATION  OF  PGA4'S  TOXICITY  AND  MDR1- 
RE VERSING  ACTIVITY 

Task  1:  Formulation 

Like  most  known  MDR1 -reversing  agents,  PgA4  appears  to  have  a  limited  solubility  in  water  (Table 
1).  To  optimize  PgA4  formulation  and  maximize  the  dose  that  can  be  delivered  in  vivo,  we  evaluated 
PgA4  solubility  in  different  solvents.  Ethanol,  DMSO,  propylene  glycol  and  glycerin  are  all  solvents 
used  in  classical  formulations.  However,  because  of  their  local  or  systemic  toxicity  they  must  be 
used  in  combination  with  other  solvents,  e.g.,  the  use  of  ethanol  at  concentrations  higher  than  10% 
is  contraindicated,  while  DMSO’s  LD50  (acute  toxicity  following  iv  administration)  in  mice  is  about 
6  g/Kg  [33].  Cyclodextrins  appear  to  increase  effectively  the  solubility  of  steroids  and  other 
lipophilic  drugs  by  the  formation  of  inclusion  complexes.  These  compounds  are  relatively  non-toxic: 
2-hydroxypropyl-p-cyclodextrin  10  g/Kg  i.p.  caused  no  death  among  four  mice  [34]. 

In  preliminary  evaluations,  we  characterized  PgA4  UV  profile.  PgA4's  Specific  Absorption 
Coefficient  (E, ')  at  245  nm  wavelength  is  376.1+/-  4.3  SE  (average  of  3  determinations). 

We  defined  PgA4  solubility  in  water,  ethanol,  DMSO,  propylene  glycol,  glycerol  and  20%  2- 
hydroxypropyl-P-cyclodextrin  (HPCD).  Our  results  (reported  in  Table  1)  suggest  maximum 
solubility  in  ethanol  and  DMSO,  with  good  solubility  in  propylene  glycol.  Solubility  in  HPCD, 
though  more  than  10  times  lower  than  in  ethanol,  appeared  the  most  promising,  as  HPCD  represents 
a  complete  formulation.  In  a  direct  comparison,  20%  HPCD  appeared  superior  to  a  classical 
formulation  (10%  ethanol;  40%  propylene  glycol),  the  solubility  of  PgA4  being  respectively  2.4  and 
0.4  mg/ml  in  the  two  vehicles. 

To  exclude  the  possibility  that  the  interaction  with  the  cyclodextrin  may  affect  PgA’s  action  on  Pgp, 
we  compared  the  ability  of  PgA4  prepared  from  HPCD  and  ethanol  stock  solutions  to  increase 
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doxorubicin  in  LCC6/MDR1  cells  in  vitro.  By  demonstrating  that  the  biological  activity  of  drug 
preparations  from  the  two  stocks  is  equivalent  (Fig.  1),  the  results  confirm  that  HPCD  does  not  alter 
PgA4’s  interaction  with  Pgp. 

Based  on  the  above  results,  we  selected  20%  HPCD  as  the  PgA4  formulation  vehicle  for  all 
subsequent  in  vivo  studies. 


Task  2:  Setting  up  an  Assay  for  the  evaluation  of  in  vivo  MDR1  reversing  activity 

Doxorubicin  accumulation  assay  for  the  preliminary  evaluation  of  in  vivo  MDR1 -reversing 
activity. 

In  vitro  evaluations  have  confirmed  that  MDR1  expression  confer  MDA435/LCC6MDR1  cells  the 
ability  to  maintain  lower  intracellular  levels  of  the  anticancer  substrates  doxorubicin  as  compared 
to  the  parental  cell  line  MDA435/LCC6  (Fig.  2).  We  have  observed  a  6.5-fold  difference  (mean  of 
5  separate  determinations,  +/-  0.7  SE)  in  intracellular  accumulation  of  the  drug  under  after  treating 
cells  with  doxorubicin  4  pM  for  3  hours  in  in  vitro  conditions.  This  difference  is  completely  reversed 
by  treatment  with  MDR1 -reversing  agents  (see  below,  and  Fig.  6). 

We  considered  the  use  of  a  substrate  accumulation  assay  also  for  our  preliminary  evaluations  of 
PgA4  in  vivo  MDR1 -reversing  activity.  With  respect  to  other  classical  endpoints,  the  effect  of  test 
drugs  on  the  accumulation  of  an  anticancer  drug  in  Pgp-positive  human  xenografts  appears  to  have 
some  theoretical  advantages:  (1)  experiments  are  shorter,  and  consequently  less  expensive;  (2) 
increased  toxicity  and  possible  animal  loss  due  to  pharmacokinetic  interactions  between 
chemosensitizer  and  anticancer  drug  represent  less  of  a  concern,  as  the  animals  are  sacrificed  a  short 
time  (24  hours)  after  anticancer  drug  treatment  (much  before  the  appearance  of  bone  marrow 
toxicity);  (3)  anticancer  drug  cell  accumulation  in  vivo  represents  a  more  humane  endpoint  with 
respect  to  survival  experiments;  (4)  anticancer  substrate  accumulation  is  closely  related  to  Pgp’s 
mechanism  of  action. 

Doxorubicin  represents  a  convenient  first  choice  as  the  tracer  substrate  in  substrate  accumulation 
assays,  because  it  can  be  easily  quantified  by  fluorimetry.  Moreover,  doxorubicin  is  a  critical 
anticancer  drug  in  breast  cancer  treatment.  Using  an  ascites  model  reduces  factors  related  to  a  solid 
tumor’s  3 -dimensionality,  such  as  reduced  blood  perfusion  and  hypoxia  in  the  center  of  the  tumor, 
increased  intratumor  pressure,  which  complicate  the  interpretation  of  results.  Ascites  are  obtained 
by  inoculating  1  x  106  cancer  cells  (either  the  Pgp-positive  MDA435/LCC6mdr1  or  Pgp-negative 
MDA435/LCC6  cells)  in  the  peritoneal  cavity  of  NCr  nu/na  mice.  Ascites  become  evident,  on 
average,  after  about  3  weeks  after  cell  inoculation,  and  are  represented  by  cancer  cells  floating  in 
extracellular  ascitic  fluid. 

For  the  doxorubicin  accumulation  assays,  mice  are  treated  as  soon  as  enough  ascitic  fluid  is  judged 
to  be  available  for  the  analysis  of  substrate/tracer  concentrations.  At  the  defined  time  after  treatment 
with  doxorubicin,  mice  are  sacrificed,  and  ascites  collected.  Immediately  after  collection,  the  ascites 
cells  are  separated  from  the  extracellular  ascitic  fluid  by  centrifugation.  The  main  experimental 
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endpoint  can  be  represented  by  doxorubicin  accumulation  in  the  ascites  cell  pellet.  Alternatively,  the 
evaluation  of  the  ratio  of  doxorubicin  concentrations  in  the  ascites  pellet  and  supernatant  provide 
an  advantage  in  helping  to  reduce  the  variability  due  to  differences  in  doxorubicin  pharmacokinetics 
between  different  mice.  In  this  assay,  the  parallel  use  of  the  parental  MDR1  -negative  cells  as  control 
can  help  discriminate  modifications  in  doxorubicin  accumulation  due  to  pharmacokinetic  modulation 
rather  than  to  interaction  with  the  Pgp  expressed  on  cancer  cells  (as  these  are  reflected  in  changes 
in  intracellular  levels  of  doxorubicin,  independent  of  Pgp  status). 

Assay  validation.  We  first  aimed  to  validate  the  doxorubicin  accumulation  endpoint  and  to  define 
an  optimal  time  for  the  collection  of  ascites  following  in  vivo  i.v.  inoculation  of  doxorubicin.  At  this 
aim,  at  ascites  maturity,  Ncr  n u/nu  mice  were  treated  with  12  mg/Kg  of  doxorubicin.  Mice  were 
sacrificed  1,  3  and  12  hours  after  doxorubicin  administration  and  the  ascites  collected.  The  results 
of  this  evaluation  validated  the  ascites  doxorubicin  accumulation  model  by  confirming  the 
differential  accumulation  of  doxorubicin  in  MDA435/LCC6  and  MDA435/LCC6mdri  cells.  The 
difference  is  not  evident  at  1  hour,  but  becomes  apparent  at  6  hours  (2.4-fold),  and  is  maximal  at  24 
hours  (10.8-fold)  (Fig.  3).  So,  these  results  suggest  that,  among  the  time  points  tested,  the  difference 
in  doxorubicin  accumulation  is  best  appreciated  24  hours  after  doxorubicin  i.v.  administration. 


Task  3 :  Evaluation  of  in  vivo  toxicity 

Before  we  could  proceed  to  test  the  in  vivo  MDR1 -reversing  activity  of  PgA4,  we  needed  to  define 
the  toxicity  of  the  PgA4  treatment  regimen  to  be  used  in  combination  with  doxorubicin. 

In  one  experiment,  we  used  4  NCr  nu/nu  female  athymic  nude  mice:  two  mice  were  treated  with 
PgA4  15  mg/Kg  (10  pl/g  body  weight  of  a  solution  of  PgA4  1.5  mg/ml  in  HPCD),  twice  a  day  for 
3  days;  two  more  mice  were  treated  with  an  equivalent  amount  of  vehicle  (20%  HPCD),  following 
the  same  schedule  of  administration.  This  treatment  showed  no  acute  toxicity  either  in  terms  of 
mortality,  altered  behavior,  or  signs  of  local  toxicity.  A  longer  term  evaluation  showed  no  significant 
effect  of  PgA4  treatment  on  body  weight  gain  up  to  55  days  following  the  completion  of  treatment 
(Fig.4). 

In  a  separate  evaluation,  we  examined  the  effect  of  PgA4  treatment  on  hematologic,  liver  and  kidney 
toxicity.  5  NCr  nu/nu  female  athymic  nude  mice  were  treated  with  PgA4, 19  mg/Kg  (10  pl/g  body 
weight  of  a  solution  of  PgA4  1 .5  mg/ml  in  HPCD),  twice  a  day  for  3  days.  5  more  mice  were  treated 
with  an  equivalent  amount  of  vehicle  (20%  HPCD).  The  results  show  a  small,  but  statistically 
significant  difference  in  the  relative  percentage  of  granulocytes  and  lymphocytes,  but  no  significant 
change  in  the  overall  white  blood  cell  count  (data  not  shown),  nor  in  other  hematological  parameters, 
and  markers  of  kidney  and  liver  function  and/or  toxicity  (Table  2). 

In  conclusion,  task  3  was  completed  to  the  best  of  our  ability.  In  our  in  vivo  toxicity  experiments  no 
dose-limiting  toxicity  and  consequently  no  maximum  tolerated  dose  could  be  reached.  Consequently, 
no  maximum  tolerated  dose  could  be  defined.  The  maximum  achievable  dose  of  PgA4  (MAD)  (15- 
20  mg/Kg  per  inoculation),  is  defined  not  by  the  drug’s  toxicity  (MTD),  but  by  its  solubility  and  by 
the  maximum  volume  that  can  be  administered  humanely  to  mice. 
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Task  4:  Evaluation  of  in  vivo  MDRI-reversing  activity 


Evaluation  of  PgA4’s  effect  on  the  toxicity  of  doxorubicin  and  taxol. 

It  is  well  known  that  several  MDRI-reversing  agents  also  may  affect  the  toxicity  of  anticancer  drugs 
by  altering  their  pharmacokinetics  (possibly,  through  interaction  with  Pgp  and/or  other  ABC  proteins 
in  normal  excretory  tissues).  Consequently,  MDR1 -reversal  studies  based  on  a  survival  or  a  tumor 
growth  endpoint  should  use  equitoxic  doses  of  the  anticancer  drug  in  the  presence  and  absence  of 
the  MDR1  reversing  agent. 

We  evaluated  the  effect  of  the  maximal  achievable  dose  of  PgA4  on  the  toxicity  of  doxorubicin  and 
taxol,  as  evaluated  in  terms  of  inhibition  of  body  weight  gain.  These  two  drugs  were  selected 
because  they  appear  to  be  the  most  effective  agents  presently  available  for  the  treatment  of  breast 
cancer. 

Effect  of  PgA4  on  doxorubicin  toxicity.  During  a  4-weeks  follow-up,  we  observed  no  evidence  that 
PgA4  (administered  s.c.,  twice  daily  for  6  times  at  a  dose  of  of  28  mg/Kg)  affected  the  effect  of 
doxorubicin  (administered  i.v.  at  8  mg/Kg  )  on  the  body  weight  gain  of  NCr  nu/nu  female  athymic 
nude  mice.  So,  PgA4,  administered  as  described  above  did  not  appear  to  affect  the  toxicity  of 
doxorubicin. 

Effect  ofPgA4  on  taxol  toxicity.  We  evaluated  the  effect  of  PgA4  on  the  in  vivo  toxicity  of  taxol. 
For  this  experiment,  taxol  was  administered  i.v.  at  8  mg/Kg  weekly  for  four  weeks.  PgA4  was 
administered  s.c.  at  a  dose  of  15  mg/Kg,  6  times  weekly:  at  the  time  of  taxol  treatment,  and  48,  36, 
24,  12  hours  before,  and  12  hours  after  taxol  treatment.  No  difference  in  body  weight  gain  was 
observed  following  treatment  with  taxol  with  and  w/o  PgA4.So,  as  in  the  case  of  doxorubicin, 
treatment  with  PgA4  did  not  affect  the  in  vivo  toxicity  of  taxol . 

In  conclusion,  PgA4,  at  the  maximum  achievable  dose,  did  not  affect  the  toxicity  of  doxorubicin  and 
taxol,  when  these  were  administered  at  doses  usually  effective  in  vivo.  Consequently,  no 
modification  of  the  dose  of  doxorubicin  and  taxol  was  required  in  our  subsequent  in  vivo  MDR1 
reversing  studies. 

Effect  of  PgA4  on  doxorubicin  accumulation  in  ascites  cells 

Effect  of  PgA4  on  in  vivo  doxorubicin  accumulation  in  MDA435/LCC6MDR1  ascites  cells.  The 
results  of  an  initial  experiment,  carried  out  on  a  limited  number  of  mice  per  treatment  group,  confirm 
that  the  ratio  of  intracellular/extracellular  concentrations  of  doxorubicin  in  LCC6MDRI  is  lower  than 
in  LCC6  ascites  cells  (these  results  are  statistically  significant).  More  interestingly,  these  results 
show  that  PgA4  treatment  increases  the  ratio  of  intracellular/extracellular  concentrations  of 
doxorubicin,  and  it  does  so  specifically  in  Pgp(+)  LCC6MDR1  ascites  (Fig.  5).  These  data  appeared 
to  represent  a  promising  preliminary  evidence  of  PgA4’s  effectiveness  in  vivo,  but  the  results  did  not 
reach  statistical  significance  because  of  the  low  number  of  mice. 

A  higher  number  of  animals  was  used  in  a  second  experiment.  20  animals  were  treated  with 
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doxorubicin  (12  mg/Kg  i.v.)  and  20  more  with  doxorubicin  +PgA4  (30  mg/Kg  per  inoculation).  Two 
10-mice  control  groups  were  treated  respectively  with  vehicle  only  and  PgA4  only.  The  results  of 
this  test  are  represented  in  Fig.  6  The  effect  of  PgA4  on  doxorubicin  accumulation  in 
MDA435/LCC6MDR1  ascites  cells  was  minimal  and  the  results  did  not  confirm  the  in  vivo  MDR1- 
reversing  efficacy  suggested  by  the  prior  test. 

Effect  of  PgA4  on  tumor  growth  inhibition  by  taxol. 

In  two  separate  studies,  PgA4  was  administered  in  combination  with  respectively  doxorubicin  and 
taxol.  In  both  these  studies  we  evaluated  the  effect  of  PgA4  treatment  on  the  ability  of  the  respective 
anticancer  drug  to  inhibit  the  growth  of  Pgp-positive  MDA435/LCC6MDR1  cell  tumor  xenografts. 

Effect  ofPgA4  on  tumor  growth  inhibition  by  taxol.  4  treatment  combinations  were  compared:  i. 
Vehicle  only  (control);  ii.  PgA4  only;  iii.  taxol  only;  iv.  PgA4  +  taxol.  Unluckily,  the  results 
obtained  in  this  test  (Fig.  7)  are  not  reliable,  as  the  MDA/LCC6  tumors  showed  a  slower  growth  and 
inhibition  by  taxol  was  only,  counterintuitively,  observed  for  MDA435/LCC6mdr1  tumors.  Using  an 
in  vitro  functional  assay  and  cells  recovered  from  this  experiment’s  tumors,  we  have  confirmed  the 
tumor’s  identity  and  excluded  a  cell  mix-up. 

Effect  of  PgA4  on  the  survival  of  mice  carrying  P388/ADR  ascites  and  treated  with 
doxorubicin 

When  administered  locally  (i.p.),  PgA4  appeared  to  increase  from  1 1  to  1 7  days  the  median  survival 
of  mice  inoculated  with  Pgp-positve  P388/ADR  cells  and  treated  with  doxorubicin  (Fig.  8). 
However,  systemic  administration  of  PgA4  ( s .  c. ,  in  the  interscapular  region)  did  not  increase  the 
ability  of  doxorubicin  to  increase  survival  (Fig.  9). 

Objective  1:  Conclusions 

With  the  exception  of  some  initial  promising  results,  the  MDR1  reversing  efficacy  of  PgA4  could 
not  be  confirmed  in  vivo  in  studies  where  the  drug  was  administered  systemically.  By  contrast,  local 
administration  of  PgA4  appears  to  be  effective,  suggesting  that  the  main  reason  for  PgA4sapparent 
lack  of  in  vivo  efficacy  may  be  related  to  its  pharmacokinetic  and/or  metabolic  disposition.  We  are 
now  setting  up  the  analytical  assay  that  will  allow  us  to  investigate  the  concentration  of  PgA  at  the 
target  tissues. 


OBJECTIVES  2  AND  3:  BRIDGE  AND  F-RING  OPTIMIZATION,  IN  VITRO  MDR1- 
RE VERSING  ACTIVITY  AND  TOXICITY 

MDR1 -REVERSING  ACTIVITY 

Overall,  we  have  designed  and  synthesized  twenty-four  C-7  progesterone  analogs.  Our  aim  was  to 
further  optimize  the  MDR1 -reversing  activity  observed  with  the  early  derivatives  and  to  characterize 
structure-activity  relationships.  Potency  was  quantified  in  terms  of  EC50,  i.e.,  the  drug  concentration 
necessary  to  reduce  by  50%  the  difference  in  doxorubicin  intracellular  accumulation  between 
MDA435/LCC6mdr1  and  the  parental  MDRl-negative  MDA435/LCC6  cells.  The  general  structure 
of  the  PgA  compounds  is  summarized  in  Fig.  10.  The  results  of  our  activity  tests  are  summarized 
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in  Tables  3a,  3b  and  3c  in  terms  of  potency  relative  to  the  parental  compound  progesterone  without 
(second  column  from  the  right)  or  with  correction  (first  column  from  the  right,  labeled  “MDR1- 
specific”)  for  any  non-specific  effect  of  the  test  compound  on  the  MDR1 -negative  control  cells.  We 
examined  the  relation  between  the  activity  of  the  PgA  compounds  and  some  of  their  structural 
features. 

Length  of  the  alkyl  chain  distal  to  the  C7  urea-E  ring  moiety.  The  C7  progesterone  analog  PgA3 
(7a[4’-(N-ethylaminoacylaminophenyl)thio]pregna-4-ene-3,  20-dione),  which  includes  in  the  C7 
side  chain  an  ethyl  group  bound  to  an  aromatic  e-ring  through  a  urea  group,  is  about  40-fold  more 
potent  than  the  parental  compound  progesterone  in  reversing  the  MDR1  phenotype  (in  terms  of 
effect  on  doxorubicin  accumulation  in  MDA435/LCC6mdr1  cells).  The  length  of  the  alkyl  group 
(“ethyl”  in  PgA3)  may  effect  the  compound’s  MDRlactivity.  A  propyl  group  (as  in  PgA41)  in  lieu 
of  the  ethyl  group  (as  in  PgA3)  may  somewhat  increase  the  activity.  However,  further  elongation 
of  the  alkyl  chain  bound  to  the  urea  group  appear  to  be  counterproductive,  possibly  because  of 
problems  of  steric  hindrance:  butyl-  and  hexyl-  substituents  (as,  respectively,  in  PgA36  and  PgA35) 
appear  to  decrease  the  activity  with  respect  to  PgA3.  However,  the  data  for  PgA35,  PgA36,  and 
PgA41  need  confirmation. 

Role  of  the  urea  group.  An  obvious  way  to  evaluate  the  role  of  the  urea  group  would  be  to  evaluate 
the  activity  of  of  a  C7  progesterone  analog  deprived  of  this  group.  In  PgAl  (7a[4’-(aminophenyl) 
thio]  pregna-4-ene-3, 20-dione),  the  precursor  of  most  of  our  C7  analogues,  a  primary  amine  group 
substitutes  the  alkylurea  group  in  the  para  position  of  the  E-ring.  Unfortunately,  the  MDR1  activity 
of  PgAlcould  not  be  evaluated  because  of  problems  with  the  compound’s  solubility.  We  were, 
however,  able  to  compare  the  activity  of  PgA37,  an  isomer  of  PgAl  where  the  amine  group  is 
substituted  in  meta  as  compared  to  para  position,  with  its  ethyl  urea  derivative  PgA38  (isomer  of 
PgA3).  The  ethylurea  derivative  appears  to  be  about  twice  as  potent  as  the  parental  compound.  The 
comparison,  however,  is  not  entirely  adequate,  because  the  role  of  the  urea  group  cannot  be 
discriminated  from  the  role  of  the  distal  group  length. 

Position  of  the  alkylurea  substituent  on  the  E  ring.  Comparison  of  PgA3  (alkylurea  group  in  para 
position  on  the  E-ring),  PgA38  {meta)  and  PgA40  {ortho),  suggests  slightly  higher  activities  when 
the  alkylurea  group  is  substituted  in  the  meta  position  (about  60-fold  more  potent  than  progesterone) 
on  the  E-ring.  A  loss  of  potency  was  observed  for  the  ortho  isomer  (about  18-fold  more  potent  than 
progesterone).  Advantage  conferred  by  the  addition  of  an  aromatic  F-ring  (PgAl  3)  is  lost  when  this 
is  part  of  group  substituted  in  the  meta  position  of  the  E-ring. 

Role  of  polarity  in  the  distal  C7  side  chain.  Polarization  of  the  ethyl  substituent  in  PgA3  by 
chlorination  (PgA2)  does  not  appear  to  obviously  alter  its  ability  to  modulate  doxorubicin 
accumulation  in  MDR1  cells. 

Role  of  F-ring  and  bridge  length.  The  presence  of  an  aromatic  F  ring  (as  in  PgAl  3)  confers  more 
than  a  3-fold  increase  in  MDR1  cell-specific  doxorubicin  accumulation  effect  (as  compared  to 
PgA3),  but  only  when  the  ring  is  directly  attached  to  the  urea  group.  Longer  bridges  between  E  and 
F  ring  fail  to  show  an  obvious  (>2-fold)  advantage  when  compared  with  the  effect  of  compounds 
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without  a  F  ring.  This  evidence  may  suggest  that  the  aromatic  F  ring  in  PgA13  is  more  favorably 
located  for  n-  7t  interaction  with  the  aromatic  amino  acids  on  Pgp. 

Role  of  a  partial  positive  or  negative  charge  on  the  F  ring.  The  increased  potency  conferred  by 
an  aromatic  F  ring  (in  PgA13),  appears  to  be  lost  following  its  substitution  with  an  electron- 
withdrawing  p-trifluoromethyl-  group  (PgA28),  suggesting  that  acquisition  of  a  partial  positive 
charge  negatively  affects  the  ability  of  the  F  ring  to  interact  with  Pgp.  Also  the  addition  of  other 
electron- withdrawing  or  electron-donating  groups  on  the  F  ring  (as  in  the  PgA13  analogs  PgA20, 
PgA30,  PgA31,  PgA32,  and  PgA34  appears  to  decrease  the  MDR1  reversing  effect.  However,  a 
simple  steric  hindrance  effect  of  the  substituent  on  the  F  ring  cannot  be  completely  ruled  out. 

Role  of  a  third  aromatic  ring  (“G”).  Addition  of  a  third  aromatic  ring,  distal  to  the  “F”  ring,  as  in 
PgA29,  appears  to  inhibit  the  MDR1  reversing  potency,  possibly  because  of  steric  hindrance. 

In  vitro  activity/toxicity  ratio 

We  have  evaluated  the  in  vitro  toxicity  of  some  of  our  test  compounds  and  compared  this  with  the 
toxicity  of  the  reference  MDR1  reversing  agents  verapamil  and  cyclosporin  A.  The  cytotoxicity  of 
the  different  compounds  is  reported  in  Table  4  in  ternis  of  IC50,  the  concentration  inhibiting  50%  cell 
growth.  For  a  more  adequate  comparison  of  drug  efficacies,  table  also  provides  an  estimate  of 
“toxicity-corrected”  efficacy,  in  terms  of  the  ratio  of  IC50  (for  toxicity)  and  EC50  (for  MDR1 
reversing  activity)  values  for  each  drug.  For  PgA3  and  PgA4,  a  50%  level  of  growth  inhibition  could 
not  be  reached  at  the  maximum  concentration  that,  for  limits  of  solubility,  could  be  obtained  in  vitro. 
So,  for  these  compounds  the  reported  ratios  represent  only  minimum  estimates.  The  results  show 
that,  while  the  MDR1 -reversing  potency  of  PgA3  and  PgA4  is  about  4-times  higher  than  that  of 
verapamil  and  comparable  to  that  of  cyclosporin  A,  the  toxicity-corrected  in  vitro  MDR1  reversing 
efficacy  of  these  compounds  far  exceeds  cyclosporin  A’s,  an  agent  with  a  high  level  of  in  vitro 
toxicity. 

Objectives  2  and  3:  Conclusions 

C-7  substitution  of  the  progesterone  molecule  with  a  bulky  moiety  has  allowed  us  to  obtain  to  obtain 
with  reduced  or  no  hormonal  (progestational,  glucorticoid)  activity  and  MDR1  activity  increased  up 
to  170-fold  as  compared  to  the  parental  compound.  The  most  potent  of  the  analogs  (PgA13)  is  2  and 
15  fold  more  potent  than  respectively  cyclosporin  A  and  verapamil.  There  appears  to  be  a 
correlation  between  the  activity  of  these  compounds  and  some  of  their  structural  features,  such  as 
in  particular  the  location  of  the  distal  moiety  substitution  on  the  E  ring,  length  of  the  distal  moiety 
and  presence  of  a  second  aromatic  ring  (F). 


OBJECTIVE  4:  MECHANISM  OF  MDR1 -REVERSAL  BY  PGA  COMPOUNDS 

Evidence  from  the  literature  supports  the  hypothesis  that  PgA  compounds  may  reverse  the  MDR1 
phenotype  by  competing  with  anticancer  substrates  for  the  Pgp  binding  site(s).  Steroidal  compounds 
have  been  shown  both  to  reverse  the  MDR1  phenotype  and  to  be  actively  transported  by  Pgp,  the 
former  activity  appearing  directly  and  the  latter  inversely  proportional  to  hydrophobicity  [7, 25,  35- 
37].  Moreover,  photoaffinity  labeling  studies  demonstrate  direct  binding  of  steroids  to  Pgp  [36,  38]. 
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Our  in  vitro  toxicity  studies  (see  above)  appear  to  confirm  the  hypothesis.  In  fact,  by  showing  a 
relative  resistance  of  MDR1 -expressing  cells  to  PgA2  and  PgA5  (about  2-3  fold),  the  results  of  the 
in  vitro  toxicity  tests  also  suggest  that  these  C7  progesterone  analogs  are  substrates  for  Pgp  (Table 

4). 

It  is  unclear  whether  Pgp  binds  its  substrates  at  one  or  more  binding  sites.  Studies  using  classical 
membrane  binding  assays  and  the  analysis  of  dissociation  rates  have  shown  that  some  substrates, 
though  interacting  “competitively”,  might  actually  bind  to  distinct,  though  allosterically  connected, 
sites  [10,  11].  It  may  be  speculated  that  the  PgA  binding  site(s)  may,  either  partially  or  totally, 
overlap  with  those  of  some  anticancer  substrates  and  be  only  allosterically  connected  to  others.  It 
is  also  possible  that  MDR1  susbtrates  bind  to  shallow  sites  on  an  extended  binding  surface  and  that 
partial  overlapping  may  be  affected  by  Pgp  conformation  as  determined  by  the  specific  membrane 
environment. 

To  address  these  questions,  we  have  been  developing  an  experimental  model  for  the  on-line  liquid 
chromatographic  determination  of  substrate-binding  affinities  and  substrate-substrate  interaction  at 
Pgp  sites.  This  model  is  based  on  the  immobilization  of  Pgp  in  a  chromatographic  column  stationary 
phase. 

Initial  characterization  of  the  Pgp  column 

An  evaluation  of  protein  content  showed  that,  for  one  milliliter  of  bed  volume,  about  170  mg 
proteins  were  immobilized  on  the  IAM  column  and  about  10  mg  proteins  were  immobilized  on 
Superdex  200  column.  The  chromatographic  results  obtained  with  the  Pgp-IAM  column  or  Pgp- 
Superdex  200  column  indicated  that  the  binding  activity  of  Pgp  was  retained  after  immobilization. 
For  example,  [3H]-vinblastine  was  retarded  on  a  Pgp-IAM  column  (0.5  x  0.8  cm)  and  the  retention 
volume  was  13.3  ml  at  the  concentration  of  1  nM  (profile  A  in  Fig.  1 1)  at  flow  rate:  0.4  ml/min. 
When  a  displacer  ligand,  doxorubicin  (200  nM),  was  included  in  the  mobile  phase,  the  retention 
volume  of  1  nM  [3H]-VBL  was  decreased  from  13.3  ml  to  6.5  ml  (profile  B  in  Fig.  11).  This 
indicated  that  the  retardation  was  partially  due  to  the  specific  binding  to  saturable  binding  sites  of 
Pgp.  The  obtained  Kd  value  for  [3H]-vinblastine  determined  in  this  technique  is  19  ±  20  nM,  that  is 
consistent  with  the  reported  value,  36  ±  55  nM  (mean  +  SD)  [39].  These  results  have  been  published 
[29]  and  indicate  that  Pgp-based  chromatographic  stationary  phase  can  be  used  for  the  investigation 
of  Pgp-substrate  interactions. 

Further  characterization  of  ligand  binding  on  the  Pgp  column 

After  the  initial  characterization  and  validation,  we  have  used  this  “Pgp”  column  model  in  frontal 
and  zonal  chromatographic  studies,  to  further  investigate  the  binding  of  Pgp  substrates  such  as 
vinblastine,  doxorubicin,  verapamil  and  cyclosporin  A.  The  relative  dissociation  constants  in  the 
absence  of  ATP  were  calculated  to  be  23.5  +  7.8  nM  for  vinblastine,  15.0  +  3.2  pM  for  doxorubicin, 
54.2  +  4.7  pM  for  verapamil,  and  97.9  +  19.4  nM.  Addition  of  3  mM  ATP  increased  the  affinity  of 
[3H]  vinblastine  and  [3H]  verapamil,  and  decreased  the  affinity  of  [3H]  cyclosporin  A.  Moreover,  we 
observed  that,  in  the  absence  of  ATP,  there  was  no  retention  of  [3H]  cyclosporin  A  on  the  column, 
but  that  retention  became  apparent  in  the  presence  of  vinblastine.  When  [3H  ]vinblastine  was  used 
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as  the  marker  ligand,  results  showed  that  its  affinity  to  the  column  was  decreased  in  the  presence 
of  cyclosporin  A.  Taken  together,  these  and  other  results  from  these  studies  demonstrated  that 
competitive  interactions  occurred  between  doxorubicin  and  vinblastine,  and  cooperative  allosteric 
interactions  occurred  between  vinblastine  and  cyclosporin  A,  and  ATP  and  CsA,  and  anticooperative 
allosteric  interactions  occurred  between  ATP  and  vinblastine  and  verapamil.  The  results  of  this  study 
have  been  published  and  they  can  be  seen  in  detail  in  the  attached  reprint  [30]. 

Objective  4:  conclusions 

Present  evidence  (including  our  evaluation  of  PgA  differential  toxicity  in  the  presence  and  absence 
of  Pgp)  appears  to  support  competition  for  Pgp  substrate  binding  sites  as  the  mechanism  for  PgA 
compounds  MDR1 -reversing  activity.  However,  we  have  not  yet  completed  our  competition  studies 
to  prove  this  hypothesis.  The  studies  reported  above  indicated  that  the  Pgp  affinity  chromatography 
model  can  be  used  for  the  study  of  drug-drug  binding  interactions  on  Pgp,  but  we  have  still  to  use 
this  model  for  the  evaluation  of  the  interaction  of  our  PgA  compounds  with  Pgp  and  the  other 
substrates.  A  critical  collaborator  (Dr.  Irving  Wainer)  moved  to  a  new  position,  and  he  is  now  setting 
up  a  new  research  lab  at  the  National  Institutes  of  Health.  By  mutual  agreement,  evaluation  of  the 
PgA  compounds  represents  one  of  the  top  priorities  as  soon  as  the  all  the  needed  equipment  is  in 
place  in  the  new  laboratory.  The  evaluation  of  PgA  compounds’  interaction  with  Pgp  will  be  part 
of  a  wider  study  aimed  at  functionally  define  Pgp  binding  sites  and  the  substrates  that  share  them. 
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KEY  RESEARCH  ACCOMPLISHMENTS 


•  Initial  evaluation  of  one  of  the  Progesterone  analogues  in  vivo  MDR1  reversing  activity 

•  Optimization  of  in  vitro  MDR1 -reversing  activity:  the  most  potent  analogue  (PgA13)  is  now 
more  than  150-fold  more  potent  than  the  parental  compound  progesterone,  more  than  15-fold 
more  potent  than  verapamil,  and  about  3-fold  more  potent  than  cyclosporin  A). 

•  Characterization  of  the  in  vitro  pharmacological  activity/toxicity  ratio  of  some  of  the  analogues: 
this  ratio  is  at  least  20  times  better  for  the  progesterone  analogue  PgA4  than  for  the  standard 
reference  drug  cyclosporin  A. 

•  Evaluation  of  structure-activity  relationships  of  the  C7-moiety  of  C7-progesterone  analogues: 
length,  role  of  a  second  and  third  aromatic  ring,  polarity,  position  of  side  chain  on  E-ring. 
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8.  Clarke,  R.  Human  tumors  in  animal  hosts.  In:  Cancer  Handbook,  Nature  Publishing  Group 
Reference  Ltd.,  London,  U.K.,  in  press. 

9.  Clarke,  R.,  Leonessa  F.,  Brunner,  N.  &  Thompson,  E.W.  DChapter  23:  In  vitro  models.  In: 
Diseases  of  the  Breast  2nd  Edition.  Eds:  Harris,  J.R.,  Lippman,  M.E.,  Morrow,  M.,  Heilman,  S. 
Publisher:  J.  B.  Lippincott  Co.,  Philadelphia,  pp335-354, 2000. 

10.  Clarke,  R.  Chapter  22:  Animal  models.  In:  Diseases  of  the  Breast  2nd  Edition.  Eds:  Harris,  J.R., 
Lippman,  M.E.,  Morrow,  M.,  Heilman,  S.  Publisher:  J.  B.  Lippincott  Co.,  Philadelphia,  pp319-333, 
2000. 

1 1 .  Clarke,  R.  Issues  in  experimental  design  and  endpoint  analysis  in  the  study  of  experimental 
cytotoxic  agents  in  vivo  in  breast  cancer  and  other  models.  Breast  Cancer  Res  Treat  46:  255-278, 

1997. 

Abstracts 

12.  Leonessa,  F.,  Kim,  J.-H.,  Singh,  H.,  Green,  G.,  &  Clarke,  R.  MDR1  reversal  by  C7-progesterone 
analogs:  structure-activity  relationships  Proc  Am  Assoc  Cancer  Res  41 :  398,  2000. 

13.  Leonessa,  F.,  Kim,  J.-H.&  Clarke,  R.  C-7  progesterone  analogs  for  MDR1  reversal  in  breast 
cancerD.  DOD  Breast  Cancer  Research  Program  pp710,  2000. 

14.  Kim,  J.-H.,  Leonessa,  F.,  Singh,  H.,  Green,  G.,  &  Clarke,  R.  MDR-1  reversal  by  C-7 
progesterone  analogs:  potency  and  structure-activity  relationships.  Clin  Cancer  Res,  5:  3844,  1999. 

15.  Lu,  L.,  Leonessa,  F.,  Clarke,  R  &  Wainer,  I.W.  Frontal  chromatographic  analysis  of  drug 
interactions  with  immobilized  P-glycoprotein.  Clin  Cancer  Res,  5:  3833,  1999. 

16.  Leonessa,  F.,  Kemp,  D.,  Green,  D.  &  Clarke,  R.  Effect  of  gpl70  expression  on  human  breast 
cancer  cell  growth  inhibition  by  the  antiestrogen  ICI  1 82,780.  Proc  Am  Assoc  Cancer  Res  39:218, 

1998. 

17.  Leonessa,  F.,  Green,  G.,  Lippman,  J.  &  Clarke,  R.  The  steroidal  agent  ZK1 12993  inhibits  the 
multidrug  resistance  phenotype  associated  with  the  expression  of  the  Multidrug  Resistance  Protein 
(MRP).  Proc  Am  Assoc  Cancer  Res  38:  591,  1997. 

18.  Trock,  B.,  Leonessa,  F.  &  Clarke,  R.  Meta-analysis  of  MDR1  expression  and  multidrug 


*« 


resistance  in  breast  cancer.  ACS  Schilling  Research  Conference  on  Breast  and  Prostate  Cancer,  Santa 
•  Cruz.  1997. 

19.  Clarke,  R.,  Leonessa,  F.  &  Trock,  B.  The  role  of  MDRl/gpl70  in  human  breast  cancer  (a  meta 
analysis  of  published  studies).  In:/7  Era  of  Hope:  The  Department  of  Defense  Breast  Cancer 
Research  Program.  Volume  III  pp865-866,  1997. 


CONCLUSIONS 

Using  a  substrate  (doxorubicin)  accumulation  endpoint,  we  have  tested  the  in  vivo  MDR1  reversing 
activity  of  PgA4,  the  most  potent  in  vitro  MDR1  inhibitor  among  our  early  compounds.  Though  the 
results  of  an  initial  test  were  suggestive  of  an  in  vivo  effect,  differences  were  not  statistically 
significant.  Also  a  second  in  vivo  test  failed  to  demonstrate  a  statistically  significant  effect.  In  future 
experiments,  we  will  further  test  the  in  vivo  activity  of  PgA4,  using  alternative  endpoints  (solid 
tumor  growth,  survival),  and  cell  models  (P3  8  8/ADR  cells). 

An  expanded  panel  of  C7-progesterone  analogs  has  allowed  us  to  further  investigate  the  relation 
between  the  MDR1  reversing  activity  and  the  structure  of  our  C7-progestone  analogs.  The  structural 
features  that  we  have  considered  include:  the  length  of  the  C7  moiety  (distal  to  the  urea  group),  the 
presence  of  a  urea  group,  the  position  of  the  alkylurea  substituent  on  the  E  ring,  the  polarity  in  the 
distal  C7  side  chain,  the  presence  of  a  second  and  third  aromatic  ring  in  the  C7  moiety,  polarity  of 
the  F  ring  and  length  of  the  bridge  between  rings,  and  hydrophobicity.  Our  best  compound  (PgA13) 
is  more  than  150-fold  potent  than  the  parental  compound  progesterone,  10-fold  more  potent  than 
verapamil  and  almost  3-fold  more  potent  than  cyclosporin. 

Not  only  are  some  of  the  C7-progesterone  analogs  equally  or  more  potent  than  the  classical  MDR1 
reversing  cyclosporin  A  but,  at  least  in  vitro,  some  of  then  appear  much  less  toxic  (20-fold  or  more) 
at  concentrations  which  are  equiactive  on  the  MDR1  phenotype. 
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Scheme  1.  Synthesis  of  PgA  compounds 
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Table  1.  Solubility  of  PgA4  in  different  solvents 


Solvent 

Solubility  (mg/ml) 

dH20 

0.00179 

Ethanol 

30.4 

DMSO 

27.216 

Propylene  glycol 

13.371 

Glycerin 

0.674 

20%  2-hydroxypropyl-p- 
cyclodextrin  (HPCD) 

2.48 
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Table  2.  Effect  of  PgA4  on  some  hematochemical  parameters 


Parameter 

(Units) 

Treatment 

Significance  of 
difference 

Vehicle 

PgA4 

Bilirubin,  total 
(mg/dL) 

0.10±0 

0.14  ±0.04 

P  >  0.05 

Alkal.  Phosphatase 
(U/L) 

247.4  ±35.4 

237.6  ±33.6 

P  >  0.05 

SGOT  (U/L) 

123.2  ±  14.7 

292.0  ±  162.7 

P  >  0.05 

SGPT  (U/L) 

75.2  ±14.3 

66.4  ±  9.5 

P  >  0.05 

BUN  (mg/dL) 

31.8  ±0.86 

31.0  ±0.84 

P  >  0.05 

Creatinine  (mg/dL) 

0.46  ±  0.09 

0.34  ±0.04 

P  >  0.05 

Hemoglobin  (g/dL) 

13.3  ±  0.16 

13.5  ±0.35 

P  >  0.05 

Hematocrit  (%) 

40.8  ±1.58 

38.3  ±1.10 

White  blood  cells 
(x  103/mm3) 

3.82  ±0.39 

3.13  ±0.43 

P  >  0.05 

Red  blood  cells 
(x  106/mm3) 

8.38  ±0.05 

8.50  ±  0.27 

P  >  0.05 

MCV  (fL) 

48.8  ±2.10 

45.0  ±0 

P  >  0.05 

MCH(pg) 

15.9  ±0.28 

15.9  ±0.21 

P  >  0.05 

MCHC  (g/dL) 

32.8  ±0.87 

35.3  ±0.52 

P  >  0.05 

Platelet  count 

989.5  ±9.5 

996.0  ±3.0 

P  >  0.05 

%  Polys. 

62.0  ±2.61 

75.0  ±2.31 

P  <  0.05 

%  Bands 

0 

1.0+ 1.0 

P  >  0.05 

%  Lymph. 

37.0  ±3.34 

22.3  ±3.53 

P  <  0.05 

%  Monos. 

0.50  ±0.50 

1.67  ±1.67 

P  >  0.05 

%  Eos. 

0.50  ±0.50 

0 

P  >  0.05 

%  Bas. 

0 

0 

NA 

Table  3a.  MDR1 -reversing  potency  of  different  C-7  progesterone  analogs,  relative 
to  progesterone 


PgA. 

Series  I 

Analog 

"R  "  Function 

MDR1 -reversing  potency , 
relative  to  progesterone 

LCC6/MDR1 

cells 

MDRl-specific 

PgA3 

0 

31.3 

42.7 

PgA41 

H 

0 

61.6 

66.9 

PgA36 

0 

17.1 

15.5 

H 

26.7 

27.1 

PgA35 

0 

PgA2 

0 

40.5 

60.2 

PgA13 

J-O 

0 

104.8 

166.7 

PgA20 

Jh Qrc* 

0 

90.1 

108.0 

PgA28 

_/-0-CFi 

o 

26.8 

40.2 

PgA29 


8.5 


16.4 


Table  3b.  MDR1 -reversing  potency  of  different  C-7  progesterone  analogs,  relative 
to  progesterone 


PgA:  Series  II 


Analog 

"R  ”  Function 

Potency,  relative  to  progesterone 

LCC6/MDR1 

cells 

MDR1  -specific 

PgA37 

H 

27.8 

29.5 

PgA38 

0 

54.5 

69.4 

PgA43 

J-O 

o 

63.4 

67.6 

PgA :  Series  III 


Analog 

f,R  "  Function 

Potency,  relative  to  progesterone 

LCC6/MDR1 

cells 

MDRl-specific 

PgA39 

H 

20.4 

16.9 

PgA40 

0 

16.7 

17.7 

Table  3c.  MDR1 -reversing  potency  of  reference  standard  agents,  relative  to 
progesterone. 


Analog 

,rR"  Function 

Potency ,  relative  to  progesterone 

LCC6/MDR1 

cells 

MDRl-specific 

Cyclosporin  A 

41.9 

60.6 

Verapamil 

9.2 

10.2 

Table  4.  In  vitro  toxicity  and  MDR1 -activity/  toxicity  ratio  of  C-7  progesterone 
analogs 


Drug 

ICS0  in 
MDR1-  cells 
(pM) 

IC50  in 
MDR1+  cells 
(juM) 

Relative 
resistance  in 
MDR1+  cells 

ic50/ec50* 

Progesterone 

35.35 

44.69 

1.26 

1.1 

PgA2 

3.33 

9.77 

2.93 

13.9 

PgA3 

>20 

>20 

— 

>20.0 

PgA4 

>20 

>20 

— 

>21.2 

PgA5 

20.45 

38.32 

1.87 

1.0 

Cyclosporin  A 

0.49 

0.85 

1.73 

1.2 

Verapamil 

65.81 

62.20 

0.95 

15.1 

*  IC50  in  MDRl-positive  cells  /  MDR1 -specific  ECS0 
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Fig.  1.  Effect  of  PgA4  from  ethanol  and  HPCD  stock  solutions  on 
doxorubicin  accumulation  accumulation  differential  in  LCC6/MDR1  cells. 
Long  dashed  lines:  doxorubicin  accumulation  in  untreated  LCC6  cells 
(defined  as  100%  of  the  differential).  Medium  dashed  lines:  doxorubicin 
accumulation  in  untreated  LCC6/MDR1  cells  (defined  as  0%  of  the 
differential). 


1000 


Figure  2.  Doxorubicin  accumulation  in  LCC6  and  LCC6/MDR1  cells:  effect 
of  PgA4  treatment.  Long  dashed  lines:  doxorubicin  accumulation  in 
untreated  LCC6  cells.  Medium  dashed  lines:  doxorubicin  accumulation  in 
untreated  LCC6/MDR1  cells 
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Fig.  3.  Time  dependence  of  doxorubicin  accumulation  in  LCC6  and 
LCC6/MDR1  ascites  cells  in  vivo 
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Fig.  4.  Weight  gain  of  Ncr  nu/nu  mice  following  treatment  with  PgA4. 
Mice  were  treated  with  PgA4  15.4  mg/Kg,  twice  per  day,  for  3  days.  Each 
symbol  represents  values  relative  to  a  single  mouse  Dashed  lines  represent 
average  values  per  treatment  group. 


Fig.  5.  In  vivo  effect  of  PgA4  treatment  on  the  ratio  of  the  intracellular/ 
extracellular  concentration  of  doxorubicin  in  MDA435/LCC6  and 

MDA435/LCC6mdr1  ascites  cells. 


Doxorubicin  ascites  pellet/supe  ratio 


+  20%  HPCD  +  PgA4 
(PgA4  vehicle) 


Fig.  6.  In  vivo  effect  of  PgA4  treatment  on  the  ratio  of  the  intracellular/ 
extracellular  concentration  of  doxorubicin  in  LCC6/MDR1  ascites  cells 
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Fig.  7.  Effect  of  treatment  with  PgA4  and  taxol  on  the  growth  of 
MDA435/LCC6  (top  panel)  and  MDA435/LCC6mdr1  (bottom  panel)  tumors 
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Fig.  8.  Effect  of  PgA4,  administered  locally  (i.p.),  on  the  survival  of 
DBA/2  mice  inoculated  i.p.  with  either  Pgp-negative  P388  or  Pgp- 
positive  P3  8  8/ADR  cells  and  treated  with  doxorubicin. 


Surviving  mice  Surviving  mice 
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Fig.  9.  Effect  of  PgA4,  administered  systemically  (s.c.,  in  the 
interscapular  region)  on  the  survival  of  DBA/2  mice  inoculated  i.p. 
with  either  Pgp-negative  P388  or  Pgp-positive  P388/ADR  cells  and 
treated  with  doxorubicin. 
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Fig.  10.  Structure  of  progesterone  and  of  its  PgA  compounds  (C-7  progesterone 
analogs).  For  the  structure  of  the  R  function,  see  Tables  ... 


Fig.  11.  Frontal  chromatography  of  VBL  on  the  PGP-SP 
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The  P-glyeoprotein  product  (Pgp)  of  the  MDR1  gene  has  been  implicated  in  the  multiple  drug 
resistance  phenotype  expressed  by  many  cancers.  Functioning  as  an  efflux  pump,  P-glycoprotein 
prevents  the  accumulation  of  high  intracellular  concentrations  of  substrates.  We  have  taken  a 
rational  approach  to  designing  inhibitors  of  P-glycoprotein  function,  selecting  a  natural  substrate 
(progesterone)  as  our  lead  compound*  We  hypothesized  that  progesterone,  substituted  at  C-7 
with  an  aromatic  moiety (s),  would  exhibit  reduced  Pgp  affinity,  significantly  increased  antiPgp 
activity,  and  reduced  affinity  for  progesterone  receptors  (3GR).  We  synthesized  7a-[4'- 
(aminophenyl)thio)pregna-4-ene-3,20-dicme  (2),  which  comprises  a  C-7a  thiol  bridge  linking 
an  aminophenyl  moiety  to  progesterone,  from  pregna-4,6-dicne-3,20-dione  (1).  The  subsequent 
addition  reaction  of  2  with  the  appropriate  isocyanate  produced  an  initial  series  of  compounds 
(3-6).  Compounds  3-5  (respectively,  -CHgCHaCl;  -CH2CH3;  and  -CH(CH3)CfiHs)  exhibit  a 
significantly  increased  ability  to  inhibit  P-glycoprotein,  Potency  for  restoring  doxorubicin 
accumulation  in  MDRl -transduced  human  breast,  cancer  cells  is  Increased  up  to  60-fold  as 
compared  with  progesterone.  Compound  5  has  greater  potency  than  verapamil  and  is  equipoteni 
with  cyclosporin  A,  for  inhibiting  P-glycoprotein  function.  Furth  ermore,  5  does  not  bind  to  PGR, 
implying  a  potential  reduction  in  in  vivo  toxicity.  These  data  identify  C-7-substituted 
progesterone  analogues  and  5.  in  particular,  as  rationally  designed  antiPgp  compounds  worthy 
of  further  evaluation/development. 


Introduction 

While  many  cancers  are  initially  responsive  to  cyto¬ 
toxic  chemotherapy,  most  acquire  a  resistant  phenotype. 
This  phenotype  is  often  characterized  by  crossresistance 
to  structurally  unrelated  drugs  to  which  the  tumor  has 
not  been  exposed.  The  precise  genes  that  confer  this 
multidrug  resistance  phenotype  are  unknown,  but  there 
are  several  strong  single-gene  candidates.  These  include 
several  ABC  transporters  including  the  P-glycoproteln 
product  of  the  MDRl  gene  (Pgp:  gpl70),‘  the  lung 
resistance  protein,2  the  breast  cancer  resistance  pro¬ 
tein,5  and  several  members  of  the  multidrug  resistance 
associated  protein  family.4-5  The  precise  contribution  of 
each  potential  multJdrug  resistance  mechanism  Is  un¬ 
clear.  Indeed,  more  than  one  mechanism  may  operate, 
cither  within  the  same  tumor  cell  subpopulation  and/ 
or  within  different  subpopulations  of  the  same  tumor. 

We  have  chosen  to  study  Pgp-mediatcd  multiple  drug 
resistance.  Pgp  confers  resistance  to  drugs  by  prevent¬ 
ing  their  accumulation  within  the  coll.  Pgp's  efflux 
capabilities  appear  to  reflect  Its  ability  to  bind  sub¬ 
strates  within  the  inner  leaflet  of  the  plasma  mem¬ 
brane.6  Subsequently,  and  in  a  potentially  adenosine  5'- 
triphosphate  (ATP) -dependent  manner,  substrates  are 

*  To  whom  correspondence  should  be  addressed.  Tel:  (202)687-3755. 
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expelled  from  the  cell.7  We  have  shown  by  meta  analysis 
chat  Pgp  expression  Is  detected  in  >50%  of  breast 
cancers  and  that  this  expression  is  associated  with  prior 
chemotherapy,  a  worse  than  partial  response  to  chemo¬ 
therapy.  and  in  vitro  resistance  to  Pgp  substrates. 5 
These  data  suggest  that  where  Pgp  expression  is 
detected,  it  likely  contributes  to  multiple  drug  resistance 
in  some  breast  cancers.  Nonetheless,  the  likely  role  of 
Pgp  in  conferring  drug  resistance  remains  controversial. 

The  poor  activity  of  current  antiPgp  agents  in  patients 
has  been  attr  buted  to  the  presence  of  resistance  factors 
in  addition  to  Pgp,  inappropriate  design  of  clinical  trials, 
toxicity,  and/or  lack  of  specificity  of  antiPgp  reagents. 
The  ability  0;  reversing  agents  to  alter  the  pharmaco¬ 
kinetics  of  the  coadministered  cytotoxic  drugs,  and  an 
inability  to  achieve  adequate  levels  of  some  reversing 
agents,  also  are  problematic.9  The  absence  of  a  series 
of  nontoxic  drugs,  specifically  designed  to  reverse  Pgp, 
limits  the  design  of  clinical  trials  to  reverse  this  form 
of  multidrug  resistance. 

One  aspcc :  of  the  controversy  regarding  the  role  of 
Pgp  comes  fr  3m  the  relatively  poor  activity  of  those  few 
Pgp  reversing  agents  evaluated  in  clinical  trials.  Most 
attention  has  focused  on  the  Pgp  reversing  agents 
verapamil,  cyclosporin  A,  and  its  nonimmunosuppres- 
sant  analogue  PSC833  (valspodar),  but  the  activity  of 
Other  drugs  also  has  been  studied  in  patients.  Few  of 
these  compounds  were  designed  as  Pgp  inhibitors.  Thus, 
severe  side  effects,  often  related  to  either  the  “normal” 
function  of  these  agents  and/or  their  ability  to  influence 


I0-1021/lm010l26m  CCC:  $22.00  <S>  2002  American  Chemical  Society 

Published  on  Web  12/14/2001 


C-7  Analogues  of  Progesterone  as  Potent  Inhibitors 

additional  targets,  may  be  induced  at  concentrations 
required  to  affect  Pgp  function.  Many  antlPgp  drugs 
affect  the  pharmacokinetics  of  the  substrate,  signifi¬ 
cantly  increasing  cytotoxic  drug-induced  toxicity.10  Other 
aodPgp  agents  cannot  readily  be  delivered  at  doses  that 
produce  adequate  serum  levels.  For  example,  the  serum 
levels  of  verapamil  required  to  produce  in  vitro  reversal 
of  Pgp  resistance  are  rarely  achieved  in  patients,  despite 
administering  sufficient  doses  of  verapamil  10  induce 
significant  cardiotoxicity.9,11'12  Adequate  serum  trifluo¬ 
perazine  levels  are  not  reached  in  patients  at  doses  that 
induce  dose-Umiting  toxicides.9-13  Peak  plasma  levels  of 
the  stereoisomer  of  c/s-flupenthixol  ( ltd ns-  fl  u  p  c nthixo  1) 
are  1000-fold  less  than  that  necessary  to  achieve  full 
chcmosensitization  in  vitro.1415  Several  clinical  studies 
have  used  patient  populations  where  tumor  Pgp  expres¬ 
sion  is  unknown,  complicating  a  clear  determination  of 
its  contribution  to  multiple  drug  resistance. 

Previously,  we  have  established  cellular  breast  cancer 
models  in  which  to  study  Pgp-mediated  efflux  and 
evaluate  inhibitors  of  this  activity.  These  models  have 
been  generated  by  inducing  a  constitutive  expression 
of  Pgp,  following  transduction  with  retroviral  gene 
expression  vectors. 16  ,7  The  major  advantage  of  these 
models  is  that  unlike  cells  selected  for  resistance  in 
vitro,  Pgp  expression  is  the  only  mechanism  present  to 
produce  the  multiple  drug  resistance  phenotype.  For 
example,  the  widely  used  MCF7ADR  cells,  which  were 
selected  in  vitro  for  resistance  to  doxorubicin  (DOX)  and 
recently  redesignated  NCI^ADR-RE$,18  exhibit  in¬ 
creased  glutathione  transferase  and  ropoisomerase  fl 
activities.19,20  Differences  In  the  potency  of  isomers  of 
fluphenthixol  Identified  in  MCF7ADR  ceils  could  not  be 
confirmed  in  MDR1 -transfected  NIH  3T3  colls.15 

Using  our  cellular  models,  we  now  describe  an  initial 
series  of  progesterone  analogues  that  exhibit  signifi¬ 
cantly  Increased  antlPgp  activity  as  compared  with 
progesterone  and  verapamil  and  comparable  to  that 
seen  with  cyclosporin  A.  Importantly,  the  most  potent 
oF  these  analogues  has  lost  its  ability  to  activate 
progesterone  receptors  (PGR)  and  is  predicted  to  exhibit 
relatively  low  intrinsic  toxicity  in  vivo. 

Chemistry 

Conceptualization  and  Design.  Wc  wished  to  take 
a  rational,  structure-function-based  approach  to  design 
inhibitors  of  Pgp  function.  Initially,  we  hypothesized 
that  a  natural  substrate  for  the  pump  could  provide  an 
Ideal  candidate  for  rational  drug  design,  since  It  Is  likely 
that  Pgp  evolved  specifically  to  efflux  such  molecules. 
Evidence  shows  that  several  molecules  with  a  steroid 
nucleus  are  Pgp  substrates. 2 1-23  Pgp  is  expressed  in  the 
uterus23'21  and  the  placenta,25  suggesting  a  natural  role 
for  protecting  secretory  cells  from  the  toxic  effects  oF 
high  local  concentrations  of  steroids.  Progesterone  is  the 
most  potent  of  the  steroids,  including  progesterone's 
metabolites,  for  reversing  the  effects  of  Pgp  expres¬ 
sion. 2326  27  Progestins  have  intrinsically  lower  toxicity 
than  other  reversing  agents  and  are  orally  active.  In 
addition,  progesterone  is  readily  available  and  cheap, 
and  the  chemistry  for  generating  several  structural 
modifications  is  relatively  straightforward  2B*29  Thus,  we 
chose  progesterone  as  our  lead  compound. 
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The  major  beneficial  properties  we  wished  to  confer 
included  but  were  noL  restricted  to  (i)  Improved  potency 
for  Pgp  reversal,  (ii)  either  no  change  or  a  reduction  in 
affinity  for  PC  R,  and  (iii)  no  agonist  (mitogenic)  activi¬ 
ties,  Concurre  itly,  we  wished  to  avoid  either  a  substan¬ 
tial  increase  1 1  PGR  binding  or  a  loss  of  Pgp  reversing 
potency. 

Unfortunately,  the  precise  structure-function  char¬ 
acteristics  or:3gp  reversing  agents  arc  unknown,  This 
is  not  surprising,  given  the  remarkable  structural 
diversity  of  !3gp  substrates.30  Nonetheless,  several 
characteristic;  are  apparent,  providing  generic  guide¬ 
lines  for  the  design  of  Pgp  reversing  agents.  Lipophb 
licity  appears  (cntral.  with  increased  lipophilicily  strongly 
associated  with  Increased  antiPgp  activity,31"37  Planar 
aromatic  ring  3  are  commonly  found  in  substrates,  and 
these  may  cor  tribute  to  lipophilicity.37  Amphipathiclty 
also  is  common,  as  is  the  presence  of  a  basic  amine, 
where  primary  amines  appear  most  effective.3 1,33-35  36-3S 
Size,  for  example,  as  determined  by  calculated  molar 
rcfractivity.  appears  an  important  factor  in  several 
classes  of  coit  pounds. 32-35-39  C21 -aminos  teroids  have  a 
structural  similarity  to  progesterone,  and  in  these 
compounds,  the  steroid  moiety,  lipophilicity.  and  amphi- 
pathiclty  are  considered  important  attributes.10  For 
compounds  composed  of  two  structures  joined  by  a 
molecular  spacer,  the  length  of  the  Spacer  seems  im¬ 
portant.15'31-3^41^2  This  suggests  that  some  part  of  the 
molecule  may  be  oriented  into  a  "pocket"  in  Pgp-31  This 
pocket,  may  have  specific  requirements  for  lipophilicity, 
size,  and  charge, 

A  C-7  addition  to  the  steroid  17/5-estradlol,  as  occurs 
in  the  antie:  trogens  1CI  182,780  and  IC1  164,384, 
produces  compounds  with  low  toxicity  and  potentially 
appropriate  pharmacokinetics.43-44  Limited  evidence 
suggests  that  ICI  164,384  can  reverse  Pgp-mediated 
resistance,45  despite  the  apparent  inability  of  17/5- 
estradiol  to  do  so.23  Thus,  a  bulky  C-7  substitution  on  a 
steroid  nuclcjs  might  increase  antiPgp  activity.  C-7- 
substituted  progesterone  analogues  were  synthesized  20 
years  ago,  buL  several  exhibit  antiprogcstational  activ¬ 
ity.10  Data  from  these  studies  suggest  that  bulky  addi¬ 
tions  at  C-7,  when  these  Include  an  aromatic  ring, 
reduce  PGR  affinity  by  approximately  10—1000-fold.46 
Consequently,  it  may  be  possible  to  reduce  the  endog¬ 
enous  toxicity  of  progesterone  by  reducing/climinating 
its  ability  to  Mnd  PGR. 

On  the  basils  of  the  various  structure— function  ob¬ 
servations  noted  above,  we  hypothesized  that  proges¬ 
terone,  substituted  at  C-7  with  an  aromatic  moiety(s), 
would  exhibit  both  reduced  Pgp  affinity  and  signifi¬ 
cantly  increased  antiPgp  activity,  Thus,  we  designed  an 
initial  compound  from  which  we  could  derive  an  ap¬ 
propriate  series  of  progesterone  analogues  for  evalua¬ 
tion.  This  compound,  7a-[4'-(aminophenyl)thio]pregna- 
4-ene-3,20-<honc  (2),  has  a  C-7  thiol  bridge  Unking  an 
aminophenyl  moiety  to  progesterone.  Subsequent  ad¬ 
ditions  to  thi  amine  with  the  appropriate  isocyanate 
generated  tfe  corresponding  Pgp  analogues.  For  our 
initial  series  )f  compounds,  we  selected  isocyanates  that 
would  provice  analogues  with  predicted  differences  in 
the  size,  lipophilicity,  and  charge  of  their  C-7  additions. 

Synthesis.  Compound  1  (Scheme  1)  was  prepared 
from  progesterone  by  a  modified  Turner  and  Ringold’s 
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Table  1.  Structure  and  Physical  Properties  of  C-7 
Progesterone  Analogues'’ 


compd 

K 

mp  (deg) 

Rfh 

2 

N/A 

228-230 

0.23 

3 

-ch2ch2ci 

137-141 

0.47 

4 

— CHJICH} 

130-135 

0.36 

5 

-CH(CH3)CeHs 

H6-149 

0.46 

6 

-SOjC^CHa 

128-132 

0.29 

n  See  Scheme  .1  for  the  structures  of  Z-6.  h  7?/in  hexane-ethyl 
acetate  (2; 3), 


method, using  2,3-dichloro-5,6-dicyano-l,4-bcnzo* 
quinone  (DDQ)  as  an  oxidizing  agent,  and  p~  toluene- 
sulfonic  acid  (^-TsOH)  in  refluxing  benzene  via  Dean— 
Stark  distillation.  Purification  of  the  crude  1  on  silica 
gel  gives  6-dehydroprogesterone  (1)  as  a  yellow  solid 
(35%.  Rf=  0.44,  2:3  hexanes-ethyl  acetate,  mp  =  143- 
145  °C).  Reaction  of  compound  1  with  4-aminothio- 
phenol  and  NaOH  pellets,  in  degassed  dioxane  as 
solvent  for  6  days  at  74  °C,  provided  7  a- (^'-amino- 
phenyl)  thio]prcgna-4-ene-3T20*dione  (2)  as  an  ivory 
solid.  Crude  crystals  of  2  were  precipitated  from  a 
mixture  of  hexanes-ethyl  acetate  and  purified  by  flash 
column  chromatography  to  yield  790  mg  of  while  solid 
(61%,  Rf=  0,23, 2:3  hexanes-ethyl  acetate,  mp  —  228- 
230  6C). 

The  additional  C-7  progesterone  analogues  (3-6)  were 
obtained  by  reacting  compound  2  with  the  appropriate 
isocyanate  (Table  1).  The  general  reaction  was  per* 
formed  under  a  N2  atmosphere  for  12  b,  until  no  2  was 
detected  by  thin-layer  chromatography  (TLC),  and  the 
solvent  was  removed  under  reduced  pressure.  All  crude 


analogues  were  purified  by  flash  column  chromatogra¬ 
phy  to  yield  i  he  corresponding  ureas  as  a  white  solid 
(40-83%),  Ti  e  physical  properties  of  these  analogues 
are  provided  n  Table  1  as  mp  and  /?/  on  silica  gels  (2:3 
hexanes-ethyl  acetate). 


Results  and 
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Discussion 


Accumulation  Studies.  Because  Pgp  Is 
ijnp,  we  measured  the  ability  of  our  com- 
uence  the  intracellular  accumulation  of 
drugs  vinblastine  (VBL)  and  DOX-  Both 
idely  used  clinically  and  are  efficiently 
Pgp.50  Activity  was  evaluated  in  MDRl- 
human  breast  cancer  cells  (MDA435/ 
using  the  parental  cells  (MDA435/LCC6)  as 
ive  control.  Potency  of  the  compounds  was 
that  of  progesterone  and  the  established 
■s  verapamil  and  cyclosporin  A.  VEL  con- 
dositive  cells,  exposed  to  media  containing 
pL,  was  approximately  6 Told  lower  than 
p-negatlve  cells.  Cellular  content  of  DOX, 
^ed  to  4  DOX.  was  about  8 -fold  lower 
ce  than  in  the  absence  of  Pgp. 

BL  and  DOX  accumulation  studies,  Sum- 
tjerms  of  EC50,  are  presented  In  Table  2. 
?  data  were  estimated  from  dose  response 
curves,  representative  curves  are  shown  in  Figure  1. 
Treatment  with  progesterone  analogues  3—6  reverses 
the  difference  in  VBL  and  DOX  content  between  Pgp- 
posiiive  and  Pgp-negativc  cells.  Analogues  3—5  exhibit 
significantly  increased  antiPgp  potency  as  compared 
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Table  2.  Potency  of  C-7  Progesterone  Analogues,  Progesterone,  Verapamil,  and  Cyclos 
and  DOX  Accumulation  between  Fgp-NCgative  and  Pgp-Posltlve  Cells 

_ reversal  of  PHI  VBL  accumulation 

Pgp-speciflc  £Cno|,^M 

compd  (relative  potency)*  (relative  potency)  (re: 


porin  A  in  Reversing  the  Difference  In  VBL 


reversal  of  POX  accumulation _ 

ECao  /<M  Pgp-speclflc  ECso 

aclve  potency) _ (relative  potency) 


progesterone 

18,7±3.7rf(l) 

21.0  ±4,2  (1) 

22. 

lA  ±  2.0  (1) 

42.2  ±7,2(1) 

3 

0,8  ±0,2  (22.5) 

0.9  ±  0.2  (23.5) 

0. 

6  ±0.1  (40.5) 

0.7  ±  0.2  (60,2) 

4 

1.3  ±  0.1  (14,2) 

1.5  ±0.2  (14.0) 

0. 

7  ±0.07  (31.3) 

I.OiO.OB  (42.7) 

5 

0.8  ±  0,2  (24.5) 

0.7  ±0.2  (28.2) 

0. 

6  ±  0.07  (37.2) 

0.9  ±  0.09  (44,8) 

6 

34-8  ±  8.6  (0.5) 

33.4  ±  5-2  (0.6) 

14, 

7  ±3.2  (1.5) 

37.0  ±6.5  (1.1) 

verapamil 

1.2  ±0.2  (16.1) 

3.1  ±0.9  (6.8) 

2, 

4  ±  0,3  (9,2) 

4.1  ±0.5  (10.2) 

cyclosporin  A 

0.6  ±  0.06  (32.5) 

0.6  ±  0.06  (32.5) 

0- 

6  ±0.1  (41.9) 

0.7  ±  0,2  (60.6) 

"  ECr,t)  =  drug  concentration  that  reduces  the  difference  in  drug  accumulation  beiweei 
by  50%;  obtained  by  interpolation  on  dose  response  curves.  Representative  curves  are  sho 
in  parentheses  represent  the  potency  of  each  compound  relative  to  the  lead  compound 
for  any  effect  of  test  compound  on  drug  accumulation  in  MDA435/LCC6  (Pgp-negat)ve) 
from  at  least  three  independent  experiments. 


MDA435/LCCG  and  MDA435/LCC6MnRI  cells 
wnin  Figures  1  ((3H)  VBL)  and  2  (DOX).  *  Values 
p  'ogesterone.  Pgp-speciflc  ECn«  =  data  corrected 
cells.  a  Values  rcprCsenL  the  mean  ±  SE  obtained 
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Figure  1.  Ability  of  C-7  progesterone  analogues  to  afreet  [3H] 
VBL  accumulation  (A)  and  DOX  accumulation  (B)  in  MDA435/ 
LCC6  and  MDA435/LCC6mdri  cells.  Data  (mean  ±  SE)  are 
From  one  of  three  or  more  representative  experiments  used  to 
obtain  the  EDso  values  presented  in  Table  2,  Progesterone  » 
•,  cyclosporin  A  =  O,  verapamil  =  A,  3  =  ■,  4  =  a.  5  —  □,  and 
6  =»  v, 

with  progesterone,  being  14—60-fold  more  potent.  In 
marked  contrast,  6  Is  only  equipotent  with  progesterone. 
Three  compounds  (3-5)  are  significantly  more  potent 
than  verapamil  when  Pgp -specific  ECr,us  are  compared 
for  both  VBL  and  DOX  accumulation.  Compounds  3  and 
5  were  equipoteni  with  cyclosporin  A  (p  >  0.05  for  all 
comparisons).  Recently,  we  have  established  a  chro¬ 
matographic  approach  for  assessing  relative  Pgp  binding 
affinities.51-5*  Studies  to  measure  the  affinity  of  these 
analogues  are  in  progress. 

While  3  and  5  tend  to  be  slightly  more  potent  than  4, 
the  difference  is  not  statistically  significant.  This  sug¬ 
gests  that  addition  of  either  a  Cl  (3)  or  a  second  aromatic 
ring  (5)  does  not  further  increase  activity.  In  marked 
contrast,  the  presence  of  the  sulfonyl  group  in  6  elimi¬ 


nates  the  gain  in  activity  conferred  by  the  C-7  moiety. 
Thus,  the  increased  activity  in  5  is  not  simply  due  to 
the  presence  of  an  aromatic  F  ring  (Scheme  1).  Further 
structural  mo  Sificatlons  will  allow  us  to  test  further  the 
structure-activity  relationships  of  C-7  progesterone 
analogues  for  Pgp  reversal- 

A  major  problem  with  many  existing  antiPgp  com¬ 
pounds  Is  their  intrinsic  toxicity.  We  wished  to  obtain 
an  jn  vitro  assessment  of  the  toxicity  of  our  compounds 
relative  to  progesterone,  verapamil,  and  cyclosporin  A. 
We  used  our  breast  cancer  cell  models  because  they  do 
not  express  PGR  and  would  provide  a  simple  model  for 
assessing  PGI ^-independent  cytotoxicity,  Furthermore, 
any  reduction  in  toxicity  seen  in  the  MDA435/LCC6MPR1 
celts,  as  comp  ared  wilh  the  MDA435/LCC6  cells  (rela¬ 
tive  resistance  of  Pgp-positive  cells  in  Table  3),  would 
suggest  that  :be  compounds  were  Pgp  substrates,  not 
simply  Pgp  inhibitors.  Results  are  summarized  in  terms 
of  ICso  in  Table  3;  representative  dose  response  curves 
are  shown  in  Figure  2. 

To  estimate  relative  activity,  each  drugs  intrinsic 
cyloLOXicity  was  expressed  relative  to  its  antiPgp  activ¬ 
ity  (IC5o/EC5f;  Tabic  3).  We  did  not  detect  cytotoxicity- 
for  compounds  4  and  5f  due  to  their  low  solubility, 
rendering  our  ratios  underestimates  based  on  the  high¬ 
est  (noncytotoxic)  concentration  tested.  Nonetheless,  4 
produces  ~4(  %  inhibition  of  proliferation  at  20  /*M.  In 
marked  contrast,  20 5  does  not  inhibit  proliferation 
significantly  i  n  either  untreated  cells  or  MDA435/LCC6 
and  MDA435  /LCC6MDR1  cells. 

When  adjusted  for  cytotoxicity,  cyclosporin  A  and 
progesterone  exhibit  approximately  equivalent  relative 
activities.  Tbc  low  estimates  for  cyclosporin  A  reflect 
its  substantial  toxicity,  Compound  G  is  the  least  active 
compound,  a  id  5  is  the  most  active  despite  the  over¬ 
estimation  ol  its  cellular  toxicity.  While  VBL  and  DOX 
may  have  dilfcrent  recognition  sites  in  Pgp.53  5  shows 
broadly  comp  arable  activity  against  both  drugs,  as  does 
cyclosporin  A. 

Having  established  that  the  C-7  addition  significantly 
increased  antiPgp  activity,  we  wished  to  evaluate  the 
PGR  activity  of  our  best  compound.  Overall,  3  and  5 
have  antiPgp  activity  comparable  to  cyclosporin  A. 
Because  3  exhibits  significant  cellular  toxicity,  we  chose 
lo  evaluate  tie  relative  affinity  of  5  for  binding  to  PGR, 
We  compared  the  ability  of  5,  progesterone,  and  un¬ 
labeled  ORG  £058,  a  synthetic  progestin,  to  compete  with 
[3H]  ORG2058  for  binding  to  PGR-  The  data  in  Figure 
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Table  3.  Growth  Inhibitory  Activity  of  07  Progesterone  Analogue,  Progesterone,  Verz  pamil  and  Cyclosporin  A  on  MDA435/LCC6 
(Ppp-Posltivc)  and  MDA435/LCC6M^R1  (Pgp»Negatlve)  Human  Breast  Cancer  Cells 


compd 

IC5, 

MDA435/LCC6 
(relative  cytotoxicity)  * 

MDA43S/LCC6MDR1 
(rotative  cytotoxicity) 

relative  re 
of  Pgp-pOSit 

ilstance 

Ivc  cells'5 

ICrj(j/ECsUr 

VBL  activity  DOX  activity 

progesterone 

27.4  ±7.9rf(  1.0) 

36.4  ±  8.3  (1.0) 

1.4±> 

).09 

1.3 

0.6 

3 

3.2  ±  0.09  (8.5) 

7.3  ±  2.5  (5.0) 

2.2  ±i 

).7 

3.6 

3.2 

4 

>20.0  (ND)f 

>20.0  (ND) 

ND 

>13,3 

>20.0 

5 

>20.0  (ND) 

>20.0  (ND) 

ND 

>28.6 

>22.2 

6 

22.1  ±  1.6  0,2) 

38.2  ±  0.2  (1.0) 

1.7  ± 

).l 

0.7 

0.6 

verapamil 

65.8  ±  0.04  (0.4) 

03.4  ±  1.2  (0.6) 

1.0  ± 

).02 

21.2 

16.0 

cyclosporin  A 

1.0  ±  0,5  (26.9) 

1.1  ±  0.2  (33,6) 

1.3  ± 

X4 

1.7 

1.4 

a  Relative  Cytotoxicity  —  ability  of  compounds  to  Inhibit  cell  growth  relative  to  progesterone.  /j  Relative  resistance  of  Pgp-positlve  — 
ratio  of  toxicity  in  resistant  and  control  cells.  Relative  resistance  >  1  suggests  that  the  compound  is  at  least  partly  effHixed  by  Pgp.  cThis 
ratio  relates  the  effect  of  each  drug  on  either  VBL  or  DOX  accumulation  to  Its  Intrinsic  cellular  toxicity;  higher  ratios  suggest  a  greater 
degree  of  safety.  d  Values  represent  the  mean  ±  SE  obtained  from  at  least  three  independent  experiments.  AND  =s  no  data:  an  IC50  was 
-pot  reached  at  the  highest  concentration  tested  (limited  by  solubility).  Some  values  (-•)  are  underestimates  based  on  nontoxic  concentrations. 
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Figure  2,  Cytotoxicity  of  progesterone  analogues  in  MDA435/ 
LCC6  (A)  and  MDA435/LCC6MOK1  cells  (B).  Data  (mean  ±  SE) 
are  from  one  of  three  or  more  representative  experiments  used 
to  obtain  the  ICsn  values  presented  in  Table  3.  Progesterone 
—  •.  cyclosporin  A  —  O,  verapamil  —  ▲,  3  —  ■,  4  —  a,  5  —  □, 
and  6  —  v. 

3  show  that  5.  at  concentrations  up  to  its  EC  so.  does 


■I0-2  10-1  10°  101  102  109  10*  105 
[drug]  nM 

Figure  3.  Competitive  binding  of  progesterone,  ORG2058, 
and  5  to  PGR.  PH]  ORG2058  was  used  as  the  radiolabeled 
ligand.  Progesterone  =  •,  ORG2058  =  O,  and  5  =  □. 
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;uide  future  studies.  The  molecules  arc 
pathic,  with  lipophilicity  greatest  around 
"F"  rings  and  the  polarity  greatest  around 
'hese  observations  suggest  that  effective 
ay  concurrently  interact  with  both  hydro- 
Irophobic  regions.  However,  it  is  not  clear 
3  arc  both  in  Pgp  as  previously  suggested31 
they  represent  pockets  at  the  plasma 
;p  interface.  The  possibility  that  drugs  are 
i  within  the  plasma  membrane0  may  favor 
it  invokes  a  plasma  membrane  component 
5  interaction. 

s  3—5  are  significantly  more  potent  than 
at  specifically  increasing  Pgp  substrate 
l.  These  observations  are  consistent  with 
pothesis  that  aromatic  C-7  substitutions 
me  will  increase  activity  and  with  the 
oution  of  aromatic  moieties  in  other  modu- 


not  significantly  compete  with  ORG2Q58.  This  repre¬ 
sents  a  reduction  of  >  100-fold  in  its  PGR  affinity  as 
compared  with  ORG2058.  Thus,  5  has  aniiPgp  activity 
comparable  to  cyclosporin  A,  exhibits  potentially  low 
intrinsic  cellular  toxicity,  and  does  not  bind  to  its 
predicted  cellular  target  (PGR)  at.  its  ECso  for  Inhibition 
of  Pgp  activity. 

Conclusions 

While  we  cannot  draw  definitive  structure- activity 
conclusions,  some  potentially  useful  preliminary  obser- 


latlng  agenlfe,37,42  Compound  G  also  contains  a  C-7 
aromatic  addition  but  is  essentially  cquipotent  with 
progesterone.  Perhaps  the  simplest  explanation  is  that 
this  compound  is  the  least  lipophilic  of  the  analogues, 
since  lipophilicity  appears  to  be  a  major  factor  in  the 
activity  of  other  Pgp  substrates.31  -3G 

The  significant  increase  In  potency  observed  with 
compounds  3-5  supports  our  initial  structure— function- 
based  hypothesis,  based  on  previous  published  observa¬ 
tions.  The  activity  of  our  existing  compounds  already 
compares  we  ll  with  that  of  cyclosporin  A.  C-7  progest- 


C-7  Analogues  of  Progesterone  as  Potent  Inhibitors 

erone  analogues  have  the  potential  to  provide  more 
potent,  selective,  and  safe  inhibitors  of  Pgp  function 
than  others  that  have  currently  completed  clinical  trials. 
Wc  believe  thai  the  observations  reported  here,  com¬ 
bined  with  the  lack  of  receptor  binding  activity,  identify 
5  as  the  next  logical  lead  compound  for  further  develop¬ 
ment  and  provide  valuable  clues  for  the  further  opti¬ 
mization  of  this  structure.  We  arc  currently  synthesiz¬ 
ing  a  larger  series  of  compounds  to  further  optimize  the 
MDR1  reversing  potency  and  effectively  define  the 
structure-activity  relationships  of  these  compounds. 

Our  ability  to  increase  the  potency  of  progesterone 
up  to  60-fold  (3;  Pgp-speclflc  EC50  for  DOX  accumula¬ 
tion)  supports  the  use  of  relatively  limited  structure™ 
function  data  in  the  design  of  effective  antiPgp  com¬ 
pounds.  Furthermore,  by  including  structure -activity 
information  on  the  binding  characteristics  of  the  lead  s 
natural  intracellular  target  (PGR)  in  our  conceptual¬ 
ization,  we  reduced  affinity  of  5  for  a  target  that  could 
produce  toxicity  in  normal  cells.  We  are  now  poised  to 
evaluate  our  compounds  in  vivo,  to  pursue  further 
modifications  that  may  increase  antiPgp  activity,  and 
to  explore  the  structure -activity  relationship  for  C-7 
progesterone  analogues  in  detail.  Overall,  the  data  in 
this  study  identify  C-7-substituced  progesterone  ana¬ 
logues  and  5,  in  particular,  as  rationally  designed 
antiPgp  compounds  worthy  of  further  evaluation/ 
development. 

Experimental  Section 

Chemistry.  General  Procedures.  All  reactions  were 
carried  out  under  an  atmosphere  of  nitrogen  using  standard 
Schlenk  techniques,-14  Benzene  and  chloroform  were  distilled 
from  CaHz,  stored  over  3D  molecular  sieves,  and  deaeraLcd 
by  purging  with  nitrogen  immediately  before  use.  TLC  was 
performed  using  Merck  glass  plates  pro  coated  with  F254  silica 
gel  60;  compounds  were  visualized  by  tJV  and/or  with  p- 
anisaldchyde  stain  solution.  Flash  chromatography  was  per¬ 
formed  using  EM  Science  silica  gel  60,  following  the  procedure 
of  Still,55  with  the  solvent  mixtures  indicated.  Melting  points 
were  measured  on  a  Thomas-Hoovor  capillary  melting  point 
apparatus  and  are  uncorrected  (Table  1).  The  broad  niching 
points  for  compounds  3-6  suggest  the  presence  of  minor 
impurities.  All  reagents  were  purchased  from  commercial 
suppliers  and  used  as  received  unless  Indicated  otherwise, 
Dioxane  was  purchased  from  Aldrich  in  Surc-Seal  bottles. 

Nuclear  magnetic  resonance  (NMR)  spectra  were  measured 
on  Nicole  L  NT  270  and  Varian  Mercury  300  MHz  instruments 
at  the  Georgetown  NMR  Facility.  Chemical  shifLs  are  reported 
in  units  or  parts  per  million  relative  to  Me*  Si,  All  spectra  arc 
recorded  in  CDCI3.  Significant  *H  NMR  d&La  arc  tabulated  in 
the  Following  order:  multiplicity  (s,  singlet;  d,  doublet;  t, 
triplet;  q,  quartet;  m,  muUiplct),  coupling  constants  In  Hertz, 
and  number  of  protons,  13C  NMR  spectra  were  recorded  at 
frequencies  of  67.9  and  75-6  MHz.  Infrared  (IR)  spectra  were 
measured  on  a  MIDAC  Corp,  or  a  Mattson  Galaxy  2020  Series 
FTIR.  as  neat  films:  absorption  bands  are  reported  in  cm"1. 
Low-resolution  mass  spectra  were  measured  on  a  Fisons 
Instruments  MD  800  quadrupole  mass  spectrometer,  with  70 
EV  electron  ionization  and  a  GC  8000  Series  gas  chromato¬ 
graph  inlet,  and  using  a  J  &  W  Scientific  DB-5MS  column  (15 
m  length,  0.25  mm  internal  diameter.  0.25 //m  film  thickness). 
Mass  spectra  data  are  given  as  mass-Lo-charge  ratio,  with  the 
relative  peak  height  following  in  parentheses.  All  new  com¬ 
pounds  were  characterized  by  *H  NMR,  IR,  andMC  NMR 
spectroscopies-  Fast  atom  bombardment  mass  spectra  (FABMS) 
were  recorded  at  the  University  of  Maryland  College  Park  of 
Mass  Spectrometry  Facility.  Literature  references  arc  given 
for  all  known  compounds,  except  for  chose  that  are  com¬ 
mercially  available;  all  known  compounds  were  identified  by 
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JH  NMR  spectroscopy.  Elemental  analysis  was  performed  by 
Atlantic  Microlub  (Norcross,  GA), 

Pregna*4.6-<tiene-3,20-dione  (1).  Compound  1  was  pre¬ 
pared  by  the  method  of  Tuner  and  RingoldA18  Thus,  p-TsOH 
monohydrate  (1 1.0  g,  63,9  mmol)  was  dehydrated  in  freshly 
distilled  benzene  (320  mL)  by  azeotropic  refluxing  using  a 
Dean -Stark  trap.  After  1  h,  the  solution  was  cooled  for  0.5  h, 
and  progesterone  (5.0  g,  15.9  mmol)  and  DDQ  (4.6  g,  20.3 
mmol)  were  adc  cd.  The  olive  mixture  was  refluxed  for  3  h  and 
then  filtered  through  a  pad  of  Celite.  The  filtrate  was  washed 
with  saturated  NaCl  (5  x  20  mL)  followed  by  1%  NaOH 
.solution  until  it  gave  clear  solution  and  dried  over  anhydrous 
MgSOij.  Solvent  was  removed  under  reduced  pressure,  and  the 
filtrate  was  purified  by  chromatography;  1.69  g  of  product 
(35%.  /?/“  0.44  2:3  hexanes- ethyl  acetate);  yellow  solid  (mp 
-  143-145  °C)  !H  NMR:  a  6.12  (s,  1H),  5.69  (s,  IH),  2.84- 
1,12  (complex,  12H),  2.17  (s,  3H),  2.14  (s,  3H),  LIZ  (s,  3H), 
1.10  (s,  lH),  1.00  (s,  1H).  0.72  (3,  3H).  IR:  3855,  3745.  3678. 
2953,  1700,  1663,  1457,  1361,  1223,  875,  754. 

7a- [4'- (Amir  ophenyl) chio)pregna'4-ene-3,20-diorie  (2). 
We  obtained  2  using  the  method  of  Brueggemeier  et  al.56 
Briefly,  1  (1.65  g,  5.28  mmol),  4-aminothiophenol  (L3Z  g,  10.56 
minol),  and  NaDH  (pellet,  116  mg,  2.9  mmol)  were  placed  in 
a  Schlenk  tube  which  was  purged  with  a  constant  flow  of 
Na(g).  Deoxyge  tated  anhydrous  dioxane  (25  mL)  was  added 
and  heated  at  74  °C  for  6  days.  The  mixture  was  concentrated 
under  reduced  pressure  and  purified  by  chromatography;  790 
mg  white  solid  (61%.  Rr =  0.23,  2:3  hexanea-ethyl  acetate); 
mp  =  228-230  ’C).  *H  NMR:  7.26-7.21  (q,  8.5  Hz,  2H), 

6.64-6.61  (q,  8.5  Hz,  2H).  5.73  (s,  IH),  3,77  (s,  2H),  3.24 

(5,  IH),  2.14  (s  3H),  2.63-1.10  (complex.  11H),  1.19  (s,  3H), 
0.6?  (s,  3H).  IF::  3420,  3360,  3250,  2930,  1700.  »HC  NMR;  6 

209.3,  199.0,  167.6,  147.1,  136,6,  127.3,  121.2,  115.7,  63.4,  17-7, 

13.1. 

General  Procedure  for  the  Preparation  of  Progester¬ 
one  Analogues.  A  suspension  of  2  in  degassed  chloroform  was 
treated  with  he  appropriate  Isocyanates  under  N2.  The 
mixLure  was  stirred  for  12  h  and  then  chromatographed 
directly  on  silica  gel  to  afford  the  corresponding  ureas  a$  oil. 
The  resulting  oil  was  stirred  in  anhydrous  ether  until  white 
powder  came  out. 

7  a-  [4'-(7V-C  iloroethy  lajninoacyIaimnophcnyl)thio]  - 
pregna-4-ene  3,20-dione  (3).  Reaction  of  2  (0.10  g,  0.23 
mmol)  with  2-chloroethyllsocyanate  (38  gL,  0.46  mmol)  in 
CHCla  (3.0  mL)  for  12  h  gave  50  mg  of  product  (40%,  mp  — 
137  —  141  °C,  R<  =  0.47,  2:3  hexanes— ethyl  acetate).  lH  NMR: 
d  7.34-7.25  (m,  4H),  5.69  (s.  IH).  5.18  (3,  IH),  3.6S-3.62  (m, 
4H),  3.38  (s,  Ul),  2.64-0.84  (complex,  1SH)  2.14  (s,  3H),  1.19 
(5.  31* I).  0.69  (s  3H),  IR:  3312,  2964,  1700,  1630,  1587,  1517, 
1488,  1449.  1394,  1238,  1013.  831.  734.  l3C  NMR:  231.5, 

210.3,  196.2,  193.9,  181.9,  156,5.  149.3.  146.4,  141.4,  132.9, 

125.1.  119,5,  118.5, 103.2.  94.2,  75-9,  75.8.  71.9,  69.3,  49,0,  35.8. 

24.2,  14.4.  M4  m!e  =  543  (24.  M+  +  1),  507  (10).  313  (27), 
230  (23),  185  (50),  149  (69),  125  (57),  119  (23),  107  (38),  105 
(48).  91  (50),  81  (50),  57  (73),  55  (100).  HRMS;  caicd  for 
C™H;,sN*03SC:  (M  4-  H]+  543.24481;  found,  543.24248.  Anal. 
Caicd  for  (C;,oH4o03NzSCl):  C,  66.22;  H,  7.41;  N,  8.82;  S,  6.52. 
Found:  C.  66.38;  H,  7.27;  N,  8.78;  S,  6-28. 

7a-  K-fTV-Ei  hylamlnoacylaminopheny  1)  thioJprcgna-4- 
cne-3fZ0-diqre  (4).  Reaction  of  2  (0.10  g  0.23  mmol)  with 
ethyl  isocyan  ate  (37  /<L,  0,46  mmol)  in  CHCL  (3-0  mL)  for  12 
h  gave  78  mg  jf  product  (67%,  mp  =  130-135  °C.  Rr=  0.36, 
2:3  hexanes -ethyl  acetate).  lH  NMR:  d  7.36-7,25  (m,  4H). 
6.38  (s.  IH).  5.69  (s.  IH),  4.18-4.03  (m.  2H).  3.38-3.26  (m. 
2H),  2.67-0.68  (complex,  17H),  2.14  (s,  3H),  2.05  (s,  2H),  1.20 
(s,  3H),  0.69  {s,  3H).  IR;  3855.  3745,  3678,  3373,  2953,  2359, 
1700.  1663,  1539,1457,  1223.  iaC  NMR:  6  228.5,  222.5, 193.9, 
171.5, 141.5.  135.0, 128-3, 127.0, 123,4.  118.5,  108.7,96-2,  84.5. 

69.3,  67,7,  66.0,  62,6,  52.2,  48.4,  46.3,  43,9,  39.8.  34.1,  22.9. 
21.2.  13.4.  MS:  /72/e  *  509  (62,  M+  4-  1),  438  (8),  313  (32),  196 
(47),  125  (10C),  117  (57),  97  (52)  95  (85),  79  (68),  71  (59). 
HRMS;  caicd  for  C^H^oNaO^S  [M  +  Hl+,  509.28378;  found, 
509.28372,  Aral,  Caicd  for  (CaoHi:OaNzS):  C,  70.69;  H.  8.11; 
N.  5.49;  S.  6.5  9.  Found;  C,  70.46;  H,  8.06;  N.  5.52;  S,  6.20. 
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7a-  [4'-  (Na-  (+)  -Mtthylbenzylamlnqacylaminophenyl)  - 
thio]prcgna-4-ene-3,20-dione  (5).  Reaction  Of  2  (0.10  gr  0.22 
mmol)  with  (J^-(+)-a-mGthylbcnzylisocyanatP  (66  ti L.  0.46 
mmol)  in  CHCla  (3,0  mL)  for  12  h  gave  56  mg  of  product  (46%, 
mp  =  146^-149  °C,  Rf—  0.46,  2:3  hexanes- ethyl  acetate),  ’H 
NMR:  <5  7.32-7,25  (m,  SH).  5.79-5.77  (m,  IH).  5.70-5.68  (s, 
JH),  4.97-4,92  (m,  1  H),  4.13-4.06  (m,  1H),  3.28  (s,  1H).  2.64- 
1.49  (complex.  7 H),  2,14  (s,  3H).  1.45  (d,  J=  9,3  H *.  3H).  1.19 
(s,  3H),  0.68  (s  3H),  1R:  3353,  3273,  2949,  2854,  2362,  2340, 
1700,  1653,  1595,  1539,  1457.  1460,  1370,  1343,  1159.  1089, 
916,  lyC  NMR:  <5  209,4,  199,0,  167-6, 147,0,  136,6,  127.2, 121.2. 
115,8,  63.4,  17.7,  13.1.  MS:  mte=  585  (11.  M+  +  1),  135  (12). 
125  (20).  105  (100),  103  (22),  91  (29),  77  (22),  55  (26).  HRMS: 
calcd  for  [M  +  HI+  585.31506:  found,  585.31501. 

Anal.  Calcd  for  (C&SH45O3N2S):  C,  73,81;  H,  7.74;  N.  4.78;  S, 
5.47,  Found:  C,  73.76;  H,  7,79;  N,  4.81;  S,  5.39. 

7a-[4'-(A^/>-ToluenesulfO)nylamlnoacylaminophenyl)- 
thiolpregna-4-ene«3,20-dione  (6),  Reaction  of  2  (O  lO  g,  0.23 
mmol)  with  p-toluencsulfonylisocyanate  (59  ^L,  0.46  mmol)  in 
CHC1»  (3,0  mL)  for  12  h  gave  120  mg  of  product  (83%,  mp  — 
128-132  DC,  tf/=  0.29,  2:3  hexanes- ethyl  acetate).  !H  NMR: 
<5  8.38  (s.  1H),  7,88  (d,  7=  8.4  Hz,  ZH),  7.80  (d,  J =  8.3  Hz, 
2H),  7.37-7.25  (m.  4H),  5,70  (s,  1H),  3.36  (s,  1H).  2.67-1.13 
(complex,  20H),  2.41  (s,  3H),  2,15  (&,  3H).  1.55  (m,  2H),  1.20 
(s,  3H),  0.69  (s,  3H).  IR:  3855,  3745,  2359,  1700,  1539,  1457, 
1160,  j  086,  668.  l3CNMR;  5  19S.6,  148,6, 141.4,  136.6. 134.6, 
129.9. 129.7, 129,6, 127.7. 127.2, 126.4, 120.5.  118.5, 92,4,  76,1, 
69.3,  63,3,  52.1,  51,1,  47.0,  46.3,  39,8,  39.4,  38.5,  38-1,  35.4, 
34.0,  31.6.  23.7,  22.9,  21.8,  21.1.  17.9,  13-4.  MS:  m!e  -  635 
(29,  +  1),  313  (39),  155  (33),  135  (36),  125  (65),  119  (64). 

91  (100).  85  (92),  77  (47),  59  (50),  47  (45).  HRMS:  calcd  for 
C-jsR.aNzOsSa  [M  +  Hl+,  635.26135:  found,  635.26130.  Anal. 
Calcd  for  (CasH^OsNsSz):  C,  66-11:  H.  6,82;  N,  4.41;  S,  10.09. 
Found:  C,  66,05;  H,  6.79;  N.  4.45;  S,  10.02. 

Pharmacology.  Cell  Lines.  For  the  studies  of  anliPgp 
activity  we  used  cells  transduced  with  a  retroviral  vector 
directing  the  constitutive  expression  of  the  Pgp  gene  (MDA435/ 
LCC6MUm)  and  their  parental,  Pgp- negative,  MDA435/LCC6 
human  breast  cancer  cells,17  Both  MDA435/LCC6  and  MDA435/ 
LCC6MnRl  cells  arc  estrogen  receptor  and  PGR  negative  and 
grow  as  monolayer  cultures  in  vitro  and  as  rapidly  proliferat¬ 
ing  solid  tumors  and  malignant  ascites  in  vivo  in  nude  mice,17 
We  used  MCF-7  human  breast  cancer  cells*7  to  measure 
binding  to  PGR.  These  cells  were  routinely  grown  in  vitro  in 
Improved  Minimal  Essential  Media  (Biofiuids)  containing  5% 
fetal  bovine  serum  in  a  5%  CO?:95%  air  atmosphere. 

Substrate  Accumulation  Assays.  Pgp  reversing  activity 
of  all  test  agents  was  evaluated  by  measuring  the  ability  of 
the  agents  to  affect  accumulation  of  DOX  and  VBL  in  MDA435/ 
LCC6MDRI  (resistant)  and  MDA435/LCC6  (control)  cells.  Colls 
were  plated  at  2,5  x  105  cells/well  Into  24  well  culture  dishes, 
in  routine  growth  media,  and  incubated  at  37  °C.  Forty-eight 
hours  after  they  were  plated,  cells  were  treated  by  replacing 
growth  media  with  media  containing  the  test  compounds  at 
five  different  concentrations  and  either  DOX  (1  ^M)  or  l3H) 
VBL  (5  nM).  All  treatments  were  carried  out  in  triplicate.  Afu>r 
3  h  of  incubation,  treatments  were  stopped  by  washing  each 
well  with  0.5  mL  of  ice-cold  NaCl  (0.15  M).  Cells  from  reference 
wells  in  each  plate  were  counted  to  enable  accumulation  to  be 
corrected  for  cell  number. 

For  the  DOX  accumulation  assays,  DOX  was  extracted  from 
cel)  monolayers  by  adding  1.5  mL  of  20%  trichloroacetic  acid 
to  each  well  and  Incubating  overnight  at  4  °C  Jn  the  dark.  DOX 
concentrations  in  the  extracts  were  evaluated  fluorometrically, 
Thus,  extracts  were  transferred  into  13mm  x  100 l  mm  boro- 
silicate  glass  tubes,  placed  in  the  10  x  10  rack  of  a  Hitachi 
A3000  Autosampler  and  connected  to  a  Hitachi  F-4500  fluo¬ 
rescence  spectrophotometer.  Fluorescence  was  read  at  500  nm 
excitation  and  580  nm  emission  wavelengths,  Concentrations 
of  DOX  were  obtained  by  interpolation  on  a  DOX  standard 
curve  and  normalized  on  the  extraction  volume  and  number 
of  cells  per  well.  For  the  VBL  accumulation  assays,  at  the  end 
of  treatment,  wells  were  rinsed  with  phosphate-buffered  saline 
(0.5  mL/well)  and  left  to  dry  at  room  temperature.  Cell 
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monolayers  weie  removed  by  trypslnisation  and  diluted  with 
10  mL  of  scintillation  fluid  (UlLima  Cold  XR,  Packard  Blo- 
sclence,  Meriden,  CT).  Drug  accumulation  was  radiometrically 
assessed  by  scintillation  spectrometry. 

Results  or  supstrate  accumulation  assays  were  plotted  as 
cellular  concentration  of  substrate  against  the  concentration 
of  the  respective  test  compound.  Pgp  reversing  potency  was 
expressed  as  lb  e  ECso,  defined  as  the  concentration  of  a  test 
drug  that  reduced  the  difference  in  substrate  accumulation 
between  Pgp-nogative  and  Pgp-positivc  cells  by  50%.  Proges¬ 
terone  and  the  standard  Pgp  reversing  agents  verapamil  and 
cyclosporin  A  w  ’re  used  as  positive  controls  and  as  a  reference 
to  establish  relative  potency. 

Cytotoxicity.  Twenty-four  hours  after  they  were  plated  in 
96  well  plates,' MDA435/LCC6  and  MDA435/LCC6MDR1  cells 
were  exposed  tc  growth  media  containing  different  concentra¬ 
tions  of  the  lea  t  agents  for  5  days.  Cell  cultures  were  then 
fixed/stained  by  incubation  in  a  0-5%  (w/v)  crystal  violet 
solution  In  25%  methanol  (v/v).  After  plates  had  dried,  the  dye 
was  extracted  in  0.1  M  sodium  citrate  in  25%  methanol  (v/v) 
and  absorbance  was  read  at  540  nm  using  a  microplate 
spectrophotometer.  Absorbance  directly  correlates  with  cell 
number  in  this  assay, i0  Cell  survival  curves  were  obtained  by 
plotting  absorbance  values  (as  percent  of  untreated  controls) 
against  drug  concentration,  The  toxicity  of  each  drug  was 
expressed  as  an  ICso.  defined  as  the  concentration  inhibiting 
cell  density  by  50%  at  the  end  of  the  treatment  period,  To 
estimate  the  extent  of  resistance  conferred  by  Pgp,  the  ratio 
of  each  drug’s  IC50  in  MDA435/LCC6MDtu  and  MDA435/LCC6 
cells  (relative  resistance  of  Pgp-positlve  cells)  was  used  for 
those  drugs  l.h<it  produced  a  detectable  ICr,0  value. 

Radioligand  Binding  Studies.  These  were  performed  as 
previously  described,  using  a  whole  cell  competitive  binding 
assay.57-1*  Brie;  ly,  MCF-7  cells  were  grown  In  24  well  dishes 
and  incubated  at  37  °C  with  1 00  nM  hydrocortisone  for  30  min, 
before  determining  PGR  binding,  to  eliminate  residual  binding 
to  glucocorticoid  receptors.  Subsequently,  cells  were  Incubated 
For  60  min  at  3  7  6C  with  5  nM  PH]  ORG2058  (specific  activity 
50.6  Cl/mmol)  in  the  absence  or  presence  of  Increasing 
concentrations  of  unlabelod  competitor  (0.5  nM-1  /<M;  proges¬ 
terone,  ORG2058,  5).  Radioactivity  was  extracted  into  ethanol 
and  measured  in  a  liquid  scintillation  spectrometer. 

Data  Analysis.  DOX  accumulation  and  cytotoxicity  dose 
response  data  were  processed  and  graphed  using  SigmaPlot 
4.0  (SPSS  Science,  Chicago,  IL).  ECco  (DOX  accumulation 
assays)  and  ICr,o  values  (cytotoxicity  assays)  were  calculated 
by  interpolation  on  the  respective  dose  response  curves.  The 
EC?o  and  IC60  values  reported  In  Tables  2  and  3  represent  the 
mean  and  standard  error  (SE)  obtained  from  at  least  three 
independent  experiments.  Descriptive  statistics  were  obtained 
using  SigmaSiat  2,0  (SPSS  Science), 

Acknowledgment.  This  work  was  supported  in  part 
by  the  Department  of  Defense,  United  States  Army 
Medical  Research  and  Materiel  Command,  Award 
RP95Q649,  and  by  a  grant  from  the  Susan  G.  Komcn 
Breast  Cancer  Foundation,  Award  PDF  2000  186. 

References 

(1)  Uetla.  K.:  Clark.  D.  P.r  Chur*.  C-  J.:  Ronlnson,  I,  Gottesman, 
M.  M,:  Pas  tut).  I,  The  human  rmihldrLjg  resistance  (MDR1)  gene. 
cDNA  cloning  and  transcription  Initiation-  J.  Biol.  Chcni.  1987. 
262,  505  “  508. 

(2)  Pohl,  C,;  Filipits,  M.:  Suchomeh  R.  W.:  Strand .  T,:  Deplsch  D,; 
Pirker,  R,  Expression  of  the  lung  resistance  protein  (LRP)  In 
primary  breast  ranter.  Andcnnccr  Ft?*.  1999,  19,  5051-5055. 

(3)  Doyle,  L,  A:  Yang.  W.;  Abruzzo.  L,  V.i  Kropmann,  T-;  Gao,  Y.; 
Rishi.  A.  K.:  Ross.  D-  D,  A  multidrug  resistance  transporter  from 
human  MCF-7  breast  cancer  cells.  PrvC,  Nad.  Acad.  Sd  U.5.A. 
1998.  95.  15665-15670. 

(4)  Nooter,  K  ;  de  la  Riviere,  B.  G.:  Look,  N-  P.;  van  WingCrden,  K. 
£.:  Henze n-Logmans  S,  C.:  Scheper.  R.  J.:  Flens.  M.  J.:  Klijn, 
J.  Cf.  M.:  Stotcr,  G.i  Foekens.  J.  A.  The  prognostic  significance 
of  expression  of  the  mu  III  drug  resistance-associated  protein 
(MRP)  In  primary  breast  cancer.  Br,  J.  Cancer  1997.  76.  4B6- 
493. 


C-7  Analogues  of  Progesterone  as  Potent  Inhibitors 


Journal  of  Mi 


'dictnal  Chemistry,  2002,  VoL  45,  No.  2  397 


(5)  Borst,  P.:  Evers,  R.;  Kool  M,:  W}jrtho1d$,  J.  A  family  oF  drug 
transporter*:  the  multidrug  reslsianco.-issnclaied  proteins.  J. 
Nail  Cancer  Inst  2000,  92,  1295-1302. 

(6)  Ravjv,  Y_;  Pollard,  H.  B,;  Bruggemann,  E.  P,;  Pas  tan.  1,1 
Gouesman.  ML  M.  Photosensitized  labeling  of  <i  functional 
multidrug  transporter  in  living  drug-reals tant  tumor  cells.  J, 
Biol  Cham.  1990,  265.  3975-3930. 

(7)  Nuti,  S.  L,:  Mebdl.  A.:  Rao.  U.  S.  Activation  of  the  human 
P -glycoprotein  ATPaseby  trypsin.  Biochon ristrry 2000,  39 , 3424- 
3432. 

(8)  Trock,  B,  J,i  Leoneasa,  F.:  Clarke,  R.  Multidrug  resistance  in 
breast  cancer:  a  meta  analysis  of  MDRl/gpl70  expression  and 
its  possible  functional  significance.  J.  Nad.  Cancer  Inst  1907. 
89.  917-931. 

(9)  Murren.  J,  R.;  Halt.  W,  N.  Why  have  not  we  cured  mu  It  id  rug 
resistant  tumors?  Oncol  Res.  199Z  1.  1-6- 

(tO)  Hartan.  J,  K,;  Tlkimmalah,  K.  N.:  HoughLon.  J,  A.;  Horowitz,  M. 
E,:  Houghton  P.  J.  Modulation  by  verapamil  of  vincristine 
pharmacokinetics  and  toxicity  in  mice  bearing  human  tumor 
xenografts.  Biochem.  Pharmacol.  1989.  38.  1727-1736, 

(11)  Miller,  T,  P.:  Grogan.  T,  M.t  Dalton.  W.  S.;  Spclr.  C,  M.: 
Schepncr,  R.  J.;  Salmon,  S,  E.  P-glycoproteln  expression  in 
malignant  lymphoma  and  reversal  of  clinical  drug  resistance 
with  chemotherapy  plus  high-dose  verapamil,  J.  Clin,  Oncol 

1991,  Q.  17-24. 

(12)  Dalton,  W.  S,;  Crogan,  T,  M.:  Meltzer.  P.  S.*.  Scheper,  R.  J.;  Durle, 
B.  G.  M,;  Taylor,  C.  W.;  Miller,  T.  P.;  Salmon.  S.  E.  Drug* 
resistance  in  multiple  myeloma  and  non-Hodgkins  lymphoma: 
detection  oF  P-glyco  protein  and  potential  circumvention  by 
addition  of  verapamil  to  chemotherapy,  J.  dim  Oncol  1989,  7, 
415-424. 

(13)  Miller,  R,  L,|  Bukowski.  R.  M.;  Budd,  G.  T.;  Purvis.  .J,;  WciC^.  J, 
K.:  Shepard,  K.l  Mldha,  K.  K.;  Gan&patbk  R.  Clinical  modulation 
of  doxorubicin  resistance  by  the  calmodulin-inhibitor,  trifluo¬ 
perazine:  a  phase  I/H  trial.  J \  Clin.  Oncol.  1988.  6,  880-888, 

(14)  Jorgenson,  A.;  Fredrlcson.  0.  K.  Clopenthixol  and  flupenthixol 
depot  preparations  in  outpatient  schizophrenics.  III.  Scrum 
levels,  Acta  Psychiatr.  Scmd.  1980.  279,  41-54. 

(15)  Ford,  J-  M.:  Bruggemann,  E.  P.:  Pastan.  I,:  GoUesman.  M.  M.: 
Halt.  W.  N.  Cellular  and  biochemical  charwCLcrtaartan  of  thlox- 
anthenes  for  reversal  of  multidrug  resistance  in  human  and 
murine  cell  lines.  Cancer  Res.  1990.  50,  1749"  1756. 

(16)  Clarke.  R.;  Currier,  S',  Kaplan.  0.;  Lovelace,  E.:  Boulay.  V.: 
Gottesman.  M,  M-:  Dickson.  R,  B.  Effect  oF  P -glycoprotein 
expression  on  sensitivity  to  hormones  Jn  MCF-7  human  breast 
cancer  cells,  J-  Natl.  Cancer  In$r.  1992,  84.  1506-1512. 

(17)  LeoncsSa,  F,;  Green,  D.;  Llcht,  T.;  Wright.  A.l  Wingar.e-Legette, 
K.,  Lippman,  J.;  Gattcsman,  M.  M.:  Clarke,  R,  MDA435/LCC6 
and  MDA435/LCCGMDRl:  ascites  models  of  human  breast  cancer, 
Br,  J.  Cancer  1996,  73.  154-161. 

(IS)  Scudicro,  D.  A.;  Monks,  A,:  Sausville.  E.  A,  Cell  line  designation 
change:  multidrug-resistant  cell  line  In  the  NCI  antlcanccr 
screen.  J.  Natl  Cancer  Inst,  1998,  90.  362-863. 

(19)  Batlsc.  G.:  Tuple,  A.:  Sinha,  B.  K.;  Katkl,  A,  G,:  Myers.  C.  E,; 
Cnwan.  K.  H.  Overexpression  of  a  novel  anionic  glutathione 
transferase  Jn  multldrug-resistant  human  breast  cancer  cells. 
J.  Biol  Cham.  1986.  261.  15544-15549, 

(20)  Sinha.  B.  K.:  Mimnaugh.  E.  G,:  Rajagopalan.  S,:  Myers.  C.  E. 
Adriamycin  activation  and  Oxygen  free  radical  formation  In 
human  breast  tumor  cells:  protective  role  of  glutathione  per¬ 
oxidase  in  adriamycin  resistance,  Cancer  Res.  1989,  49.  3844- 
3848. 

(21)  van  Kalken,  C.  K.:  Bruxterman,  H,  J,:  Pineda,  H.  M.:  Feller.  N-l 
Dekker,  H.:  Lankelman,  J.;  Giaccone,  G-  Cortisol  is  transported 
by  the  multidrug  resistance  gene  product  P-glycoproiem.  Br.  J . 
Cancer  1993,  67,  284-289. 

(22)  Wolf,  D.  C,:  Horwltz,  S.  B.  P-glycoproteln  transports  cortico¬ 
sterone  and  is  photoafflnky-  labeled  hy  the  steroid,  hit. ./.  Cancer 

1992.  52,  141-146- 

(23)  Yang.  C--P.  H.;  DePlnho,  S.  G,:  Greenbergcr,  L,  M,:  Arced.  R, 

J. ;  Horwltz.  S.  B,  progesterone  impacts  with  P-glycoproteln  In 
multldrug-resistam  cells  and  in  the  endometrium  or  gravid 
Uterus.  J.  Biol.  Chem.  1989.  264,  782-788. 

(24)  Arced,  R.  .L:  Cruop,  J.  M.:  Horwitz,  $.  B.;  Housman.  D.  The  Rene 
encoding  multidrug  resistance  is  induced  and  expressed  at  high 
levels  during  pregnancy  in  the  secretory  epithelium  of  the 
uterus.  PrvC.  Nad.  Acad.  Scl  U.S.A.  1988.  65,  4350-4354, 

(25)  MacFarlaod,  A.:  Abramovich.  D.  R.:  Ewen,  S.  W.;  Pearson,  C. 

K,  Si  age -specific  distribution  of  P- glycoprotein  In  flret-rrimestcr 
?md  full-term  human  placenta.  Histochern ,  J.  1994,  26.  417“ 
423. 

(26)  Nalto,  M.|  Yusa.  K.:  Tsuruo,  T.  Steroid  hormones  Inhibit  binding 
of  VJnca  alkaloid  to  multidrug  resistance  related  P-glycoproteln. 
Biochem.  Biophys.  Res.  Common,  1989.  158,  JOBS- 1071. 


(27)  Ichikawa -Haraguchl.  M,;  Sumteaw*,  T.:  Yoshimura.  A.:  Furu- 
kawM,  T.;  HEr&moio,  S.:  Sugka,  M.;  Aklyoma,  $,  T.  Progesterone 
and  its  meijabolites:  the  potent  Inhibitors  of  the  transporting 
activity  of  P-glycoproteln  In  the  adrenal  gland.  Binchlm.  Biophys. 
Acta  1993,  1156.  201-208. 

(28)  Necf.  C.:  B<‘ier.  S-!  Eiger,  W.:  Henderson.  D,:  Wicchen,  R.  New 
steroids  with  antiprogcstatlonul  and  antiglucocorticold  activities, 
Steroids  1984,  44,  349-372. 

(29)  Teutsch.  G.;  Philibert,  D,  History  and  perspectives  of  antl- 
progrstins  Irrtm  the  chemists  point  of  view,  Hum,  Rcprod  1994, 
9  (Suppk  jj,  12-31. 

(30)  Ford.  J.  M.:  Halt.  W.  N,  Pharmacnlojcy  of  drugs  that  alter 
multidrug  i  esisrance  in  cancer.  Pharmacol.  Rev.  1990,  42, 155- 
199. 

(31)  Halt*  W,  II.:  Aftab,  D.  T.  Rational  design  and  pre-chnlcal 
pharmacology  of  drugs  for  reversing  multidrug  resistance. 
Biochem.  Pharmacol.  1992.  43,  103-107. 

(32)  Zamora.  J.  M.;  Pearce.  H,  L.;  Beck,  W.  T.  Physic  ah  chemical 
properties  shared  by  compounds  that  modulate  multidrug 
resistance  in  human  leukemic  cells.  Mol  Pharmacol.  19B8,  33, 
454-462, 

(33)  Granzen.  B.;  Graves.  D,  E.;  Baguley,  B,  c.;  Danks.  M.  K.;  Beck, 
W.  T.  Structure-activity  studies  of  amsacrlne  analogues  in  drug 
resistant  h  Jman  leukemia  cell  Lines  expressing  either  altered 
DNA  topoliiomerase  II  or  P*  glycoprotein.  Oncol  Res.  1992.  4, 
489-496, 

(34)  Ford.  J.  M.;  Prozlaleck.  W.  C.i  Hah.  W.  N.  Structural  features 
determining  activity  of  phenothlazincs  and  related  drugs  for 
inhibition  of  coll  growth  and  reversal  of  multidrug  resistance- 
Mol.  Pharmacol.  1988,  35.  105- 1 15. 

(35)  Tang-Wair  0,  P,\  Brossi,  A.:  Arnold.  L.  D.:  Gros.  P.  The  nitrogen 
of  the  aeei.  miido  group  of  colchicine  modulates  P-glycoproteln- 
mediated  r  multidrug  resistance,  Biochemistry  1993.  32,  6470- 
6476. 

(35)  Klopman,  <  Sriva$cava.  S.:  Kolossvary,  I.:  Epa^xl,  R.  F.;  Ahmed. 
N.;  Epand.  R,  M.  Structure- activity  Study  and  design  of  multi- 
drug  reversal  compounds  by  a  computer  automated  structure 
evaluation  methodology,  Cancer  Res.  1992.  52.  4121-4129. 

(37)  Dellinger.  M.:  Pressman,  B,  C-l  Calderon-Hlgglnson,  C,:  SavaraJ, 
N.:  Tapicrc .  H,|  Koloniaa,  D.;  Lampldis,  T,  J,  Structural  require¬ 
ments  of  Simple  cations  for  recognition  by  multldrug-resistant 
cells,  Canter  Res.  1992.  52.  6395-6389. 

(3fl)  Nogae.  1.:  <ohno.  K,:  Klkuchi,  J.:  Kuwano,  M-i  Akiyama.  S.-L: 
Klue,  A-I  S  uzuki.  K.-l.:  Yosbidy.  Y.:  Cornwell,  M.:  PuStan,  I.: 
Gottesmar,  M.  M.  Analysis  of  structural  features  of  dlhydro^ 
pyridine  analogues  needed  to  reverse  multidrug  resistance  and 
to  Inhibit  photoaffinity  labeling  of  P-glycoprorein.  Biochem, 
PharmOCO..  1989,  38,  5 ID— 527. 

(39)  Horton,  J.  K.;  Thlmmaiah,  K.  N.:  Harwoud.  F,  C,i  Kuttesch.  Jf. 
F.;  Houghton,  P,  J.  Pharmacological  characterization  of  N 
substituied  phenoxazlnes  directed  toward  reversing  Vinca  al¬ 
kaloid  resistance  in  mullidrug-resistance  cancer  cells.  Mol 
Pharmacol  1993,  44,  552—559. 

(40)  Abraham,  I,;  Wolf,  C-  L.:  Sampson,  K.  E.  Nonglucocorticoid 
steroid  amilogues  (21-aminosturoids)  sensitize  multidrug  resist¬ 
ant  cells  l )  vinblastine.  Cantor  Chemprher.  Pharmacol.  1993. 
32,  116-112. 

(41)  Dhainaut,  A.;  RGgnlcr,  G.:  Atassl,  G.:  Plcrro.  A.:  L£cnce.  S,: 
Kraus-BerchlcrP  L,:  Prost,  J.-F.  New  triazlne  derivatives  as 
potent  modulators  of  multidrug  resistance.  J.  Med.  Chem.  1992 
35,  2481 -(2496. 

(42)  Pearce,  Hj  L.:  Safa,  A-  R.;  Bach.  N.  J,:  Winter,  M.  A.:  Cirtain, 
M.  C,:  Beck.  W.  T.  Essential  features  of  the  P-gycoproteln 
pharmacophore  as  defined  by  a  series  of  reserpine  analogues 
that  modulate  multidrug  resistance.  Proc.  Nad,  Acud  $ci.  U.S.A. 
19B9,  86.  128-5132, 

(43)  Wakcling,  A-  E.:  Dukes.  M.:  Bowler,  J.  A  potent  specific  pure 
untlestrogm  with  clinical  potential.  Cancer  Res.  1991,  51  3867- 
3873. 

(44)  Wakeling.  A,  E,;  Bowler,  J.  Novel  antioestrogens  without  partial 
agonist  activity.  J.  Steroid  Biochem.  1988,  31,  645-653. 

(45)  Hu.  X,  F-:  Nadalln.  G.:  De  Lulse,  M.:  Martin,  T.  J.;  Wakcling, 
A,:  Hugglis,  R.;  Zalcberg.  j.  R.  Circumvention  of  doxorubicin 
resistance  in  mulU-drug  resistant  human  leukaemia  and  lung 
cancer  cells  by  the  pure  arHiOCStrogen  ICI  164384.  Fur.  J.  Cancer 
1991.  27.  773-717. 

(46)  Beyer.  B,;  Terenlus,  L.;  Couosell,  R.  E.  Synthesis  of  potential 

(47) 


(48) 


anUproge|;tlns.  Steroids  1980.  35,  481-488. 

Turner,  A.  B.:  Rlngold.  H,  J,  Applications  of  high-potential 
qui  nones;  the  mechanism  of  dehydrogenation  of  steroidal  ketones 
by  2.3'dJchtoro-5,6-dlcyanoben/oqulnonG.  J .  Chem,  Soc.  1967, 
(C),  1720-1730. 

Darby.  M  V.:  Lovett.  J,  A,:  Brueggemeler,  R,  W,;  Groziak.  M. 
P,:  CoutW  41.  R.  E.  7a-sub$iituted  derivatives  of  androstencdlione 
as  inhibitors  of  estrogen  biosynthesis.  J \  Med.  Chem.  1985.  28, 
003-807. 


4* 


398  Journal  of  Medicinal  Chemistry.  2002,  Vo),  45.  No.  2 

(49)  Haynex.  R,  K.:  Jackson.  W.  R:  Siragallnan,  S,  Conversion  of 
ennne  into  dlones  via  allylpalladlum  complexes.  Ausi.  Chum. 
1980,  33.  1537-1544. 

(50)  Lconossa,  F,:  Jacobson.  M.;  Buyle,  B.:  Lippmon,  J,:  MeGarvey, 
M.;  Clarke.  R.  The  effect  of  tamoxifen  on  the  multi  drug  resistant 
phenotype  in  human  breast  cancer  cells:  Isobologram,  drug 
accumulation  and  gp-170  binding  studies .  Cancer  Rex,  1994.  54, 
441-447. 

(51)  Zhang.  Y,:  Lconessa,  F.:  Clarke.  R;  Waioer,  I.  W.  Development 
of  an  immobilized  P-glyeoprotein  stationary  phase  for  on-  line 
liquid  chromatographic  determination  of  drug-binding  affinities. 
J,  Chr'ommogr..  S  2000.  739,  33-37. 

(52)  Lu.  L,;  Leonessa.  F.:  Clarke,  R;  Wainer.  1.  W,  Competitive  and 
allosteric  interactions  in  ligand  binding  to  P -glycoprotein  as 
observed  on  an  Immobilized  P -glycoprotein  liquid  chromato¬ 
graphic  stationary  phase.  Mol  Pharirmcol.  2001,  50.  62—68. 

(53)  Cros,  P,:  Dhlr.  R.:  Croop.  J.:  Talbot.  P.  A  single  amino  acid 
substitution  strongly  modulates  the  activity  and  substrate 
Specificity  of  the  mouse  mdrl  and  mdr3  drug  efflux  pumps,  Pixk\ 
Natl  Acad.  Set.  US. A,  1901,  88.  72B9-7293, 


Leonessa  CL  aJ. 

(54)  Shrlver,  D.  7,;  Dryxdon.  M.  A.  The  Manipulation  of AJ/>Sensirivs 
Compound:  ~  Wiley:  New  York,  l$86- 

(55)  Still.  W.  C.  Kuhn,  M.;  Mitra.  A.  Rapid  chromatographic  tech¬ 
nique  for  preparative  separations  with  moderate  resolution.  J. 
Ors.  Chew.  1978,  43,  3,  2923-2025. 

(56)  BrucggcrnO  Or,  R.  W.:  Floyd,  E.  E.:  Counsel!.  R.  E,  Synthesis  and 
blochctnica  evaluation  of  inhibitors  of  estrogen  biosynthesis.  _/, 
Med.  Cfted  1878.  21.  1007-1011. 

(57)  Clarke,  R.;  Brilnner.  N.:  KatzcnClICrtbogen.  B.  S.;  Thompson.  E, 
W.i  Norman.  M.  J,;  Koppi.  C,l  Paik,  Llppman.  M.  E,:  Dickson. 
R.  B.  Progression  from  hormone  dependent  to  hormone  inde¬ 
pendent  gre  wth  lit  MCF-7  human  breast  cancer  cells,  Ptyk.  Nad. 
Acad ,  ScJ \  fJ,S.A,  1989.  8G.  3649-3653, 

(58)  Clarke.  R.l  Morwood.  J.:  van  den  Berg.  H.  W.:  Nelson  J.; 
Murphy.  R.  F.  The  effect  of  cytotoxic  drugs  on  estrogen  receptor 
expression  and  response  to  tamoxifen  in  MCF-7  cells.  Cancer 
Rex,  198$.  4G,  6116—6119. 

JM01012KM 


4* 


MSC:  jm010126m  MTY:  a 


0  C-7  Analogues  of  Progesterone  as  Potent 
Inhibitors  of  the  P-Glycoprotein  Efflux  Pump 


Fabio  Leonessa,  Ji-Hyun  Kim,  Alem  Ghiorghis, 
Robert  J.  Kulawiec,  Charles  Hammer, 
Abdelhossein  Talebian,  and  Robert  Clarke* 


R= 

3  -CH2CH2CI 

4  -CH2CH, 

5  -CH(CH,)QH5 

6  -S02CfiH4CH3 


Synopsis  Depth:  144q 


Pharmaceutical  Research,  Vol  18,  No.  9,  September  2001  (©2001) 

The  Enantioselective  Binding  of 
Mefloquine  Enantiomers  to 
P-Glycoprotein  Determined  Using  an 
Immobilized  P-Glycoprotein  Liquid 
Chromatographic  Stationary  Phase 

Lili  Lu,1  Fabio  Leonessa,2  Michael  T.  Baynham,1 
Robert  Clarke,2  Francois  Gimenez,3  Yen-Thu  Pham,3 
Francoise  Roux,4  and  Irving  W.  Wainer1'5 


Received  May  1 7,  2001;  accepted  May  24,  2001 

KEY  WORDS:  P-glycoprotein;  enantiomers  of  mefloquine;  dissocia¬ 
tion  constant  of  drugs;  immobilized  receptor;  frontal  affinity  chroma¬ 
tography. 

INTRODUCTION 

Mefloquine  (MQ),  a-2-piperidinyl-2,8-bis(trifluoro- 
methyl)-4-quinolinemethanol  (Fig.  1),  is  an  antimalarial  agent 
widely  used  to  treat  chloroquine-resistant  malaria  (1).  The 
agent  is  administered  as  a  racemic  mixture  of  erythro- 
isomers,  (+)-[! 1R,2'S]-MQ  ((+)-MQ)  and  (-)-[llS,2'R]-MQ 
{(~)-MQ).  In  humans,  there  is  an  enantioselective  distribution 
of  MQ  with  higher  plasma  and  brain  concentrations  of  (-)- 
MQ  (2,3). 

MQ  has  also  been  shown  to  inhibit  the  activity  of  the 
drug  efflux  transporter  P-glycoprotein  (Pgp)  (4-7).  Shao  et  al. 
demonstrated  that  MQ  increased  the  intracellular  accumula¬ 
tion  of  the  Pgp  substrate  daunomycin  in  the  P388/ADR  leu¬ 
kemia  cell  line  (4).  In  addition,  when  MQ  was  used  concomi¬ 
tantly  with  the  Pgp-substrate  vinblastine  (VBL),  the  two 
agents  interacted  with  each  other  synergistically  in  a  noncom¬ 
petitive  manner. 

However,  MQ  has  also  been  shown  to  increase  the  in¬ 
tracellular  accumulation  of  VBL  (6,7).  In  rat  brain  capillary 
endothelial  GPNT  cells,  the  inhibition  of  VBL  transport  was 
enantioselective  with  (+)-MQ  displaying  up  to  an  eightfold 
greater  effect  than  (-)-MQ  (6,7).  In  Caco-2  human  colon  car¬ 
cinoma  cells,  both  (-)-MQ  and  (+)-MQ  significantly  in¬ 
creased  cellular  accumulation  of  VBL,  but  the  effect  was  not 
enantioselective  (6,7). 
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Short  Communication 


The  objective  of  this  study  was  to  examine  the  molecular 
basis  of  the  observed  effect  of  MQ  on  VBL  transport  in  light 
of  the  observed  combined  effects  of  MQ  and  VBL  on  dau¬ 
nomycin  intracellular  accumulation.  The  experimental  ap¬ 
proach  examined  the  effect  of  (+)-MQ  and  (-)-MQ  on  the 
Pgp  binding  affinities  of  [3H]-VBL  and  [3H]-cyclosporine  A 
([3H]-CsA).  The  studies  were  carried  out  using  an  immobi¬ 
lized  Pgp  liquid  chromatographic  stationary  phase  (Pgp-SP) 
(8).  The  Pgp-SP  was  constructed  using  membranes  derived 
from  a  human  cell  line  transduced  with  a  retroviral  vector 
directing  the  expression  of  MDR1  (8).  This  phase  has  been 
used  to  determine  ligand-Pgp  binding  affinities  and  to  inves¬ 
tigate  ligand-ligand  binding  interactions  on  Pgp  (8,9). 

The  experimental  approach  was  competitive  binding 
studies  using  (+)-MQ  and  (-)-MQ  as  the  displacers  and  [3H]~ 
VBL  or  [3H]-CsA  as  the  ligand.  The  results  demonstrate  that 
the  addition  of  either  (+)-MQ  or  (-)-MQ  completely  sup¬ 
pressed  the  binding  of  [3H]-VBL  to  Pgp,  in  a  manner  indica¬ 
tive  of  an  anticooperative  allosteric  interaction.  There  was  no 
observed  enantioselectivity  in  this  process."  However,  when 
[3H]-CsA  was  the  marker  ligand.  (+)-MQ  competitively  dis¬ 
placed  this  marker,  whereas  (-)-MQ  had  no  effect.  This  in¬ 
dicates  that,  under  the  experimental  conditions,  MQ  enantio- 
selectively  binds  [(+)-MQ  >  (-)-MQ]  at  a  site  at  which 
[3H]CsA  binds  to  Pgp.  This  is  the  first  observation  of  enan¬ 
tioselective  binding  to  human-derived  Pgp. 

MATERIALS  AND  METHODS 

Materials 

[3H]VBL  and  ["HJCsA  were  purchased  from  Amersham 
Life  Science  Products  (Boston.  MA).  VBL.  CsA,  CHAPS, 
glycerol,  and  benzamidine  were  from  Sigma  Chemical  Co. 
(St.  Louis,  MO).  (-r)-MQ  and  (-)-MQ  were  kindly  provided 
by  Hoffmann  La  Roche  (Basel.  Switzerland).  Scintillation  liq¬ 
uid  (Flo-Scint  V)  was  purchased  from  Packard  Instruments 
(Meriden,  CT).  The  chromatographic  backbone  (immobilized 
artificial  membrane  PC  stationary  phase,  IAM.PC)  was  ob¬ 
tained  from  Regis  Chemical  Co.  (Morton  Grove,  IL).  The 
HR5/2  glass  column  was  purchased  from  Amersham  Pharma¬ 
cia  Biotech  (Uppsala.  Sweden). 

Preparation  of  the  Pgp-SP 

The  Pgp-SP  was  prepared  as  previously  described  (8,9). 
In  brief,  the  Pgp-positive  membranes  were  obtained  from  the 
MDA435/LCC6mdri  human  breast  cancer  cell  line  (10).  The 
cultured  cells  (8  x  1()7  cells)  were  harvested  in  10  ml  of  buffer 
(Tris-HCl  [50  mM.  pH  7.4],  50  niM  NaCl,  2  jjlM  leupeptin,  2 
pM  phenylmethanesulfonyl  fluoride,  and  4  pM  pepstatin). 
The  suspension  of  cells  was  homogenized  for  2  x  30  s.  cen¬ 
trifuged  at  1,000  x  g  for  10  min.  and  the  supernatant  was 
collected  and  centrifuged  at  150.000  x  g  for  30  min. 

The  resulting  pellets  were  added  to  6  ml  of  Tris-HCl  (50 
mM,  pH  7.4)  containing  500  mM  NaCl.  15  mM  CHAPS,  2 
mM  DTT,  and  10%  glycerol.  After  3  h  at  4°C,  the  solution 
was  mixed  with  100  mg  ol  dried  1AM  PC  stationary  phase, 
stirred  for  1  h  at  room  temperature,  and  then  dialyzed  against 
Tris-HCl  (10  mM.  pH  7.4)  containing  150  mM  NaCl.  1  mM 
EDTA,  and  1  mM  benzamidine  for  36  h  at  4°C  (1.5  1  12  h). 
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Fig.  1.  The  structure  of  mefloquine. 

The  resulting  Pgp-SP  was  packed  into  a  0.5  (id)  x  0.8  cm 
HR5/2  glass  column.  The  resulting  column  was  equilibrated 
with  Tris-HCl  (50  mM,  pH  7.4)  at  room  temperature  for  3  h. 

Frontal  Chromatographic  Studies  Using  Online  Flow 
Scintillation  Detection 

The  chromatographic  system  has  been  described  (8,9). 
Detection  of  the  marker  ligands,  [3H]-VBL  and  [3H]-CsA, 
was  accomplished  using  an  online  flow  scintillation  monitor 
(Radiometric  FLO-ONE®  Beta  500  TR  instrument,  Packard 
Instruments).  All  chromatographic  experiments  were  con¬ 
ducted  at  room  temperature  using  a  flow  rate  of  0.5  ml/min. 
The  running  buffers  used  in  these  studies  were  composed  of 
Tris-HCl  buffer  (50  mM,  pH  7.4)  with  and  without  the  con¬ 
comitant  addition  of  3  mM  ATP. 

The  marker  ligand,  either  1.0  nM  [3H]-VBL  or  2.0  nM 
[3H]-CsA,  was  applied  to  the  Pgp-SP  in  sample  volumes  of 
25-50  ml.  Before  the  initiation  of  a  new  series  of  studies, 
column  performance  was  assessed  by  applying  1.0  nM  [3HJ- 
VBL  to  the  Pgp-SP.  The  appearance  of  specific  frontal  curves 
with  a  reproducible  retention  volume  (-30  ml)  indicated  that 
there  had  been  no  degradation  of  column  performance. 

The  solutions  containing  the  marker  ligands  were  supple¬ 
mented  with  a  range  of  concentrations  of  either  cold  VBL, 
CsA  ,  (+)-MQ,  or  (-)-MQ.  Elution  profiles  were  obtained 
showing  front  and  plateau  regions.  The  observed  elution  vol¬ 
ume  data  were  used  for  calculation  of  ligand  dissociation  con¬ 
stants.  The  Kd  value  of  (+)-mefloquine  was  calculated  by  non¬ 
linear  regression  using  Prism  (GraphPad  Software)  and  a 
one-site  binding  (hyperbola),  Equation  1  (9,11). 

Y  =  Bmax  •  X/(Kd  +  X)  (1) 

where  X  is  the  concentration  of  marker  ligand  (in  the  present 
experiment,  it  is  VBL  or  CsA);  Y  is  equal  to  [ligand]  (V  - 
Vmin),  where  Vmin  is  the  elution  volume  of  VBL  or  CsA 
under  conditions  where  specific  interactions  are  completely 
suppressed;  and  V  is  the  retention  volume  of  VBL  or  CsA  at 
different  concentrations  of  MQ  (0.2-1 .0  |xM). 

RESULTS  AND  DISCUSSION 

The  Effect  of  (+)-MQ  and  (-)-MQ  on  VBL  Binding 

When  [3  HJ-VBL  was  added  to  the  running  buffer  and 
chromatographed  on  the  Pgp-SP.  frontal  and  plateau  regions 
were  obtained,  Fig.  2A,  trace  1,  and  Fig.  2B,  trace  1.  The 
relatively  flat  or  shallow  increase  in  the  curve  during  the  ini¬ 
tial  elution  volume  (0  to  30  ml)  followed  by  a  sharp  increase 
in  concentration  of  the  marker  (breakthrough)  followed,  in 
turn,  by  a  plateau  is  indicative  of  a  specific  binding  interaction 
between  [3  H]-VBL  and  the  immobilized  Pgp. 

When  0.2  p,M  (+)-MQ  or  0.2  p.M  (-)-MQ  were  added  to 


Retention  volume  (ml) 

Fig.  2.  The  effect  of  MQ  enantiomers  on  the  frontal  affinity  chroma¬ 
tography  of  1.0  nM  [3H]-VBL  on  the  Pgp-SP  where:  (A)  Trace  1: 
[HJ-VBL  alone;  Trace  2:  200  nM  (+)-MQ  added  to  the  running 
buffer.  Trace  3:  200  nM  (+)-MQ  plus  3  mM  ATP  added  to  the  run¬ 
ning  buffer.  (B)  Trace  1:  pHJ-VBL  alone;  Trace  2:  200  nM  (-)-MQ 
added  to  the  running  buffer.  Trace  3:  200  nM  (-)-MQ  plus  3  mM 
ATP  added  to  the  running  buffer.  The  running  buffer  was  50  mM 
Tris-HCl  (50  mM,  pH  7.4). 

the  running  buffer,  the  specific  frontal  regions  were  lost  from 
the  [3  HJ-VBL  chromatograms  (Fig.  2A,  trace  2,  and  Fig.  2B. 
trace  2,  respectively).  These  results  indicate  that  the  specific 
binding  interaction  between  [3  HJ-VBL  and  the  immobilized 
Pgp  had  been  lost.  If  MQ  had  competitively  displaced  [3  HJ- 
VBL,  the  chromatographic  traces  would  have  mirrored  the 
frontal  curves  seen  in  trace  1  (Figs.  2A  and  2B),  but  the 
breakthrough  volumes  would  have  been  reduced.  The  change 
in  the  shapes  of  the  curves  is  consistent  with  an  anticoopera¬ 
tive  allosteric  interaction.  In  this  process,  MQ  binds  to  a  con¬ 
tiguous  or  separate  site  on  the  Pgp  molecule  producing  sec¬ 
ondary  effects  at  the  VBL  binding  site  that  reduce  the  ability 
of  VBL  to  bind  to  that  site. 

Anticooperative  allosteric  effects  on  the  binding  of  VBL 
to  immobilized  Pgp  have  been  observed  after  the  addition  of 
3  mM  ATP  to  the  running  buffer  (9).  In  the  present  study,  the 
addition  of  3  mM  ATP  to  a  running  buffer  containing  either 
0.2  pM  (-)-MQ  or  0.2  pM  (-)-MQ  produced  no  significant 
change  in  the  observed  VBL  chromatograms  (Fig.  2 A.  trace 
3,  and  Fig.  2B.  trace  3,  respectively).  These  results  support  the 
observation  that  the  effect  produced  by  the  addition  of  MQ  to 
the  running  buffer  was  allosteric  in  nature  and  not  competi¬ 
tive. 

Shao  et  ah  (4)  demonstrated  that  MQ  and  VBL  cooper¬ 
ate  to  reduce  daunomycin  transport  and  that  VBL  did  not 
significantly  affect  the  K;  of  MQ  relative  to  daunomvcin 
transport.  The  authors  concluded  that  MQ  and  VBL  act  at 
physically  different  sites  on  the  Pgp  molecule.  The  hypothesis 
developed  in  the  current  study  that  MQ  affects  VBL  through 
an  anticooperative  allosteric  interaction  is  consistent  with 
these  conclusions.  In  addition,  previous  studies  with  the  Pgp- 
SP  (9)  have  demonstrated  that  VBL  competitively  displaced 
doxorubicin,  a  compound  closely  related  to  daunomycin. 
Thus,  the  two-site  synergism  of  MQ  and  VBL  relative  to 
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daunomycin  transport  can  be  explained  by  a  competitive  dis¬ 
placement  produced  by  VBL  at  the  site  at  which  daunomycin 
binds  to  Pgp  and  an  anticooperative  allosteric  interaction  pro¬ 
duced  by  MQ  binding  to  a  different  site. 

At  the  MQ  concentrations  used  in  this  study  (0.2-1.0 
p,M),  both  (-)-MQ  and  (+)-MQ  had  equivalent  effects  on 
VBL  binding  and  no  enantioselectivity  was  observed.  The 
lack  of  enantioselectivity  is  consistent  with  the  results  from 
the  studies  in  Caco-2  cells  but  not  with  the  eightfold  greater 
effect  of  (+)-MQ  observed  in  rat  brain  capillary  endothelial 
GPNT  cells  (6.7).  The  source  of  the  difference  in  MQ  enan¬ 
tioselectivity  between  the  Caco-2  and  GPNT  cell  lines  is  not 
clear  and  may  simply  reflect  a  species-dependent  variation  in 
Pgp  (12). 

The  Effect  of  (+)-MQ  and  (-)-MQ  on  CsA  Binding 

Previous  studies  with  the  Pgp-SP  have  demonstrated  that 
the  presence  of  3  mM  ATP  in  the  running  buffer  is  required 
to  produce  specific  binding  interactions  between  CsA  and  the 
immobilized  Pgp  (9).  This  effect  appears  to  be  produced 
through  a  cooperative  allosteric  interaction.  Therefore,  in  the 
present  investigation,  when  [3H]-CsA  was  the  marker  ligand, 
all  of  the  chromatographic  experiments  were  conducted  with 
3  mM  ATP  in  the  running  buffer. 

In  these  experiments,  increasing  concentrations  of  MQ 
from  0.2  to  1.0  jxM  were  added  to  the  running  buffer.  This 
concentration  range  reflects  maximum  steady-state  plasma 
concentrations  of  (-)-MQ  (-4.0  jjlM)  and  (+)-MQ  (-0.7  jxM) 
(3).  In  addition,  MQ  concentrations  of  >10  |iM  saturated  the 
Pgp-SP. 

The  addition  of  increasing  concentrations  of  (+)-MQ  to 
the  running  buffer  produced  corresponding  reductions  in 
[3H]-CsA  retention  volumes.  Although  the  retention  volumes 
decreased,  the  specific  frontal  chromatograms  were  retained 
(Fig.  3),  signifying  the  existence  of  a  competitive  binding  in¬ 
teraction  between  (+)-MQ  and  [3H]-CsA.  Using  Eq.  1.  the  Kd 
value  for  (+)-MQ  was  calculated  to  be  471  ±  146  nM,  which  is 
consistent  with  the  value  of  410  nM  determined  for  the 
effect  of  MQ  on  daunomycin  accumulation  in  P388/MDR 
cells  (4). 

Addition  of  increasing  concentrations  of  (-)-MQ  did  not 
effect  the  retention  volume  of  [3H]-CsA,  nor  was  there  a 
change  in  the  specific  frontal  chromatograms  (data  not 


Retention  Volume  (ml) 

Fig.  3.  The  effect  of  (-H-MQ  on  the  frontal  affinity  chromatography 
of  2.0  nM  [  ’H]-CsA  on  the  Pgp-SP  where:  1)  represents  the  elution 
profile  of  [3H]-C$A  without  (+)-MQ  in  the  running  buffer:  2)  after 
addition  of  0.5  pM  (+)-MQ:  3)  after  addition  of  0.8  pM  (-)-MQ:  4) 
after  addition  of  1.0  pM  (-)-MQ.  The  running  buffer  was  Tris-HCl 
(50  mM.  pH  7.4)  containing  3  mM  ATP. 


shown).  This  indicates  that  (-)-MQ  was  not  able  to  competi¬ 
tively  displace  [3H]-CsA.  Therefore,  there  is  an  enantioselec- 
tive  difference  in  the  affinities  of  the  MQ  enantiomers,  (+)- 
MQ  >  (-)-MQ,  at  a  site  at  that  [3H]-CsA  binds  to  Pgp.  To  our 
knowledge,  this  is  the  first  report  of  enantioselective  binding 
to  Pgp. 

CONCLUSIONS 

Enantioselectivity  at  a  site  at  which  CsA  binds  to  Pgp 
presents  two  avenues  for  further  investigation  of  this  site. 
Because  the  physicochemical  properties  of  enantiomers  are 
equivalent.  (-)-MQ  can  be  used  to  determine  nonspecific  in¬ 
teractions  with  Pgp  allowing  for  a  clearer  picture  of  the  spe¬ 
cific  binding  interactions  between  (+)-MQ  and  Pgp.  In  addi¬ 
tion,  enantioselective  binding  at  this  site  also  provides  a 
three-dimensional  probe  that  can  be  used  in  pharmacophore 
modeling. 

The  data  from  this  study  also  demonstrate  that  MQ  and 
VBL  bind  to  separate  but  allosterically  interconnected  sites 
on  the  Pgp-SP.  This  model  is  consistent  with  previous  data 
obtained  with  the  Pgp-SP  demonstrating  that  CsA  and  VBL 
have  separate,  but  closely  linked  binding  sites  on  the  Pgp 
molecule  (9).  Because  the  affect  of  MQ  on  VBL  binding  was 
anticooperative  and  not  enantioselective,  (+)-MQ,  (-)-MQ, 
or  the  racemic  mixture  could  be  used  to  produce  the  syner¬ 
gistic  effects  on  Pgp  transport  reported  by  Shao  et  al.  (4). 
However,  this  does  not  hold  for  CsA  Because  (+)-MQ  had  a 
greater  effect  on  CsA  binding  to  Pgp  than  (-)-MQ.  Thus,  the 
enantioselectivity  of  the  MQ  interactions  with  Pgp  present  a 
number  of  possible  clinical  options  for  paired  inhibitors.  For 
example,  if  VBL  is  the  target,  then  one  might  use  a  combi¬ 
nation  of  (-)-MQ  and  CsA  and,  conversely,  if  CsA  is  the 
target,  one  might  use  (+)-MQ  and  VBL.  The  results  suggest 
that  competitive  binding  experiments  on  the  Pgp-SP  may  be  a 
rapid  method  for  the  identification  of  synergistic  pairs  for 
specific  clinical  targets. 
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ABSTRACT 

A  liquid  chromatographic  stationary  phase  containing  immobi¬ 
lized  P-glycoprotein  (Pgp)  was  synthesized  using  cell  mem¬ 
branes  obtained  from  Pgp-expressing  cells.  The  resulting  Pgp- 
stationary  phase  was  used  in  frontal  and  zonal  chromatogra¬ 
phic  studies  to  investigate  the  binding  of  vinblastine  (VBL), 
doxorubicin  (DO X),  verapamil  (VER),  and  cyclosporin  A  (CsA)  to 
the  immobilized  Pgp.  The  compounds  were  added  individually 
to  the  chromatographic  system  with  or  without  ATP  in  the 
running  buffer.  Using  this  approach,  dissociation  constants 
were  calculated  for  VBL  (23.5  ±  7.8  nM),  DOX  (15.0  ±  3.2  /xM), 
VER  (54.2  ±  4.7  /lxM),  and  CsA  [97.9  ±  19.4  nM  (without  ATP) 


and  62.5  ±  4.6  nM  (with  ATP)].  The  compounds  were  also 
added  in  pairs  using  standard  competitive  chromatography 
procedures.  The  results  of  the  study  demonstrate  that  compet¬ 
itive  interactions  occurred  between  VBL  and  DOX,  cooperative 
allosteric  interactions  occurred  between  VBL  and  CsA  and  ATP 
and  CsA,  and  anticooperative  allosteric  interactions  occurred 
between  ATP  and  VBL  and  VER.  The  chromatographic  studies 
indicate  that  the  immobilized  Pgp  was  modified  by  ligand  and 
cofactor  binding  and  that  the  stationary  phase  can  be  used  to 
study  drug-drug  binding  interactions  on  the  Pgp  molecule. 


P-glycoprotein  (Pgp)  is  a  member  of  the  ATP  binding  cas¬ 
sette  (ABC)  superfamily  of  transport  proteins  (Loe  et  al., 
1996;  Doyle  et  al.,  1998).  It  is  a  170-kDa  cell  membrane 
protein  with  two  ATP  binding  sites  and  ATPase  activity 
(Rosenberg  et  al.,  1997).  Pgp  acts  as  an  efflux  drug  trans¬ 
porter  whose  substrates  include  anthracycline  antibiotics 
and  Vinca  alkaloids  (Cordon-Cardo  et  al.,  1989;  Clarke  et  al., 
1993;  Clarke  and  Leonessa,  1994),  steroids  (Barnes  et  al., 
1996),  verapamil  (VER)  (Yusa  and  Tsuro,  1989),  peptides 
(Foxwell  et  al.,  1989),  and  quinolines  (Kusuhara  et  al.,  1997). 
Pgp  is  expressed  in  normal  tissues  and  appears  to  be  a  major 
contributor  to  the  blood-brain  barrier  (Cordon-Cardo  et  al., 
1989;  Tsuji  et  al.,  1992).  Expression  also  has  been  detected  in 
breast  cancer  where  it  is  associated  with  a  poor  clinical 
response  (Trock  et  al.,  1997). 

Pgp’s  broad  substrate  specificity  has  not  been  definitively 
explained.  Several  indirect  and  direct  models  for  Pgp  activity 
have  been  proposed  (Shapiro  and  Ling,  1994).  The  most  pop¬ 
ular  model  is  the  “membrane  vacuum  cleaner”  mechanism  in 
which  Pgp  binds  its  substrate  from  the  inner  leaflet  of  the 
plasma  membrane  and  releases  it  into  the  extracellular  fluid 
(Gottesman  and  Pastan,  1993).  In  a  related  mechanism,  Pgp 
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activity  has  been  described  as  a  “flippase”  that  transports  its 
substrates  from  the  inner  to  the  outer  leaflet  of  the  plasma 
membrane  (Raviv  et  al.,  1990;  Higgins  and  Gottesman, 
1992). 

The  number  of  binding  sites  on  the  Pgp  molecule  has  not 
been  determined.  There  is  evidence  for  the  existence  of  mul¬ 
tiple  binding  sites  as  some  substrates  bind  to  Pgp  in  a  mu¬ 
tually  noncompetitive  manner  (Raviv  et  al.,  1990;  Ferry  et 
al.,  1992, 1995).  Other  data  suggesting  multiple  binding  sites 
include  synergistic  activity  on  ATPase  activation  (Garrigos  et 
al.,  1997),  substrate  discriminating  effect  of  specific  Pgp  mu¬ 
tations  (Devine  et  al.,  1992),  and  differential  effect  of  chemo- 
sensitizers  on  the  photoaffinity  labeling  at  two  different  lo¬ 
cations  on  the  Pgp  molecule  (Dey  et  al.,  1997). 

One  experimental  approach  to  determine  Pgp  selectivity 
and  transport  mechanism  has  been  the  isolation  of  the  trans¬ 
porter  followed  by  purification  using  a  combination  of  anion 
exchange  and  affinity  chromatography  (Shapiro  and  Ling, 
1994;  Sharom,  1995).  The  isolated  protein  was  then  reconsti¬ 
tuted  into  proteoliposomes  either  by  the  detergent  dilution 
method  (Shapiro  and  Ling,  1994)  or  by  detergent  dialysis 
followed  by  Sephadex-G50  chromatography  (Sharom,  1995). 
In  the  proteoliposomes  prepared  by  either  method,  >90%  of 
Pgp  was  reconstituted  with  an  inside-out  orientation,  i.e., 
ATP-binding  and  cytoplasmic  domains  exposed  to  the  ex- 
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travesicular  medium  (Sharom,  1995).  The  reconstituted  Pgp 
could  be  used  to  study  and  characterize  both  drug-stimulated 
ATPase  activity  and  ATP-dependent  transport.  Using  this 
approach,  the  effect  of  verapamil  and  daunorubicin  on 
[3H]  vinblastine  ([3H]VBL)  accumulation  in  the  proteolipo- 
somes,  a  measure  of  transport,  could  be  measured  (Sharom, 
1995).  The  effect  of  verapamil  on  the  ATPase  kinetics  (Km 
and  Vmax)  also  could  be  determined  (Shapiro  and  Ling,  1994). 

Another  approach  to  the  determination  of  the  effect  of 
compounds  on  Pgp  transport  used  the  transepithelial  flux  of 
digoxin  across  Caco-2  cells  (Wandel  et  al.,  1999).  This  method 
was  used  to  determine  the  IC50  for  digoxin  transport  for  14 
compounds.  An  in  vivo  method  for  Pgp  transport  in  tumors 
and  the  blood-brain  barrier  also  has  been  reported  (Hen- 
drikse  et  al.,  1999).  This  approach  used  [110] verapamil  and 
[1XC]  daunorubicin  as  the  transport  substrates  and  positron 
emission  tomography  as  the  detection  method. 

The  binding  of  compounds  to  Pgp  has  been  investigated  by 
measuring  the  displacement  of  [3H]  vinblastine  and  [3H]  vera¬ 
pamil  from  human  intestinal  Caco-2  cells  overexpressed  with 
Pgp  (Doppenschmitt  et  al.,  1999).  The  assays  were  performed 
in  96-well  plates,  and  the  method  was  designed  to  be  adapted 
to  high-throughput  screens.  Using  this  method,  Km  and  IC50 
values  for  nine  compounds  were  determined. 

An  alternative  experimental  approach  to  the  determina¬ 
tion  of  binding  affinities  is  affinity  chromatography.  We  have 
previously  reported  the  synthesis  of  a  liquid  chromatographic 
stationary  phase  containing  immobilized  Pgp  and  its  use  in 
the  determination  of  Pgp  binding  affinities  (Zhang  et  al., 
2000).  The  present  work  expands  the  characterization  of  the 
Pgp-stationary  phase  and  uses  frontal  and  zonal  chromato¬ 
graphic  techniques  to  investigate  the  binding  of  vinblastine, 
doxorubicin,  verapamil,  and  cyclosporin  A  (CsA)  to  the  im¬ 
mobilized  Pgp.  The  compounds  were  added  individually  to 
the  chromatographic  system  with  or  without  ATP  in  the 
running  buffer.  The  compounds  were  also  added  in  pairs 
using  standard  competitive  chromatography  procedures.  The 
results  of  the  study  demonstrate  that  both  competitive  and 
allosteric  interactions  occurred  during  the  chromatographic 
studies  and  that  the  binding  affinities  of  immobilized  Pgp  are 
altered  by  the  presence  or  absence  of  ATP. 

Experimental  Procedures 

Materials.  Immobilized  Artificial  Membrane  (IAM)  particles 
were  obtained  from  Regis  Chemical  Co.  (Morton  Grove,  IL).  A  glass 
column  (HR5/5)  was  purchased  from  Amersham  Pharmacia  Biotech 
(Uppsala,  Sweden).  [3H]Vinblastine  and  [3H] cyclosporin  A  were  pur¬ 
chased  from  Amersham  Life  Science  Products  (Boston,  MA). 
[3H] Verapamil  was  from  NEN  Life  Science  Products,  Inc.  (Boston, 
MA).  Vinblastine,  verapamil,  doxorubicin,  cyclosporin,  CHAPS,  glyc¬ 
erol,  benzamidine,  and  bovine  serum  albumin  were  from  Sigma 
Chemical  Co.  (St.  Louis,  MO).  GF/C  glass  microfiber  filters  were  from 
Whatman  (Ann  Arbor,  MI).  Scintillation  liquid  (Flo-Scint  V)  was 
purchased  from  Packard  Instruments  (Meriden,  CT). 

Preparation  of  Membranes.  As  previously  described,  the  Pgp- 
positive  MDA435/LCC6mdr1  cell  line  was  obtained  by  transduction 
of  Pgp-negative-expressing  MDA435/LCC6  human  breast  cancer 
cells  with  a  retroviral  vector  carrying  MDR1  cDNA  (Pgp)  (Leonessa 
et  al.,  1996).  Approximately  8  X  107  cells  were  harvested  in  10  ml  of 
buffer  A  (50  mM  Tris-HCl,  pH  7.4,  50  mM  NaCl,  2  jxM  leupeptin,  2 
pM  phenylmethanesulfonyl  fluoride,  and  4  pM  pepstatin).  The  sus¬ 
pension  of  cells  was  homogenized  twice  for  30  s  (with  a  cooling  period 
in  between)  with  a  Brinkmann  (Westbury,  NY)  Polytron  homoge- 


nizer.  The  homogenized  cells  were  centrifuged  first  at  l,000g  for  10 
min,  the  pellets  were  discarded,  and  the  supernatant  was  collected 
and  centrifuged  at  150,000#  for  30  min.  The  membrane  pellets  were 
collected. 

Immobilization  of  Pgp  on  IAM  Particles.  The  membrane  pel¬ 
lets  were  resuspended  in  6  ml  of  solubilization  solution  (50  mM 
Tris-HCl,  pH  7.4,  500  mM  NaCl,  15  mM  CHAPS,  2  mM  dithiothre- 
itol,  10%  glycerol)  for  3  h  at  4°C.  This  was  mixed  with  100  mg  of  dried 
IAM  particles  and  stirred  for  1  h  at  room  temperature.  The  suspen¬ 
sion  of  Pgp-IAM  was  then  dialyzed  against  dialysis  buffer  (150  mM 
NaCl,  10  mM  Tris-HCl,  pH  7.4, 1  mM  EDTA,  1  mM  benzamidine)  for 
36  h  at  4°C  (1.5  liters  for  every  12  h). 

Preparation  of  the  Liquid  Chromatographic  Column.  The 
IAM  particles  with  immobilized  Pgp  were  packed  into  a  HR5/5  glass 
column  (0.5  X  0.8  cm)  after  centrifugation  three  times  at  350g  for  3 
min  at  4°C.  Then  the  column  was  equilibrated  with  buffer  B  (50  mM 
Tris-HCl,  pH  7.4)  at  room  temperature  for  3  h. 

Frontal  Chromatographic  Studies.  The  chromatographic  sys¬ 
tem  has  been  previously  described  (Zhang  et  al.,  2000)  and  was 
primarily  based  upon  the  Pgp-LAM  column  connected  on-line  to  a 
flow  scintillation  monitor  (Radiometric  FLO-ONE  Beta  500  TR  in¬ 
strument;  Packard  Instruments).  All  chromatographic  experiments 
were  conducted  at  room  temperature  using  a  flow  rate  of  0.5  ml/min. 

The  marker  ligand,  either  [3H]VBL  (1.0  nM),  [3H]VER  (0.3  nM),  or 
[3H]CsA  (2.0  nM)  were  applied  to  the  Pgp-IAM  column  in  sample 
volumes  of  25  to  50  ml.  The  solutions  containing  the  marker  ligands 
were  supplemented  with  a  range  of  concentrations  of  either  cold 
VBL,  VER,  doxorubicin,  or  CsA.  Elution  profiles  were  obtained  show¬ 
ing  front  and  plateau  regions  as  illustrated  for  [3H]VER  (Fig.  1).  The 
observed  elution  volume  data  were  used  for  calculation  of  ligand 
dissociation  constants.  The  Kd  values  of  VER  and  CsA  were  calcu¬ 
lated  by  nonlinear  regression  using  Prism  (GraphPad  Software,  San 
Diego,  CA)  and  a  one-site  binding  (hyperbola)  equation  (1)  (Klotz, 
1983) 

Y  =  Bmax-X/(Ki+X)  (1) 

in  which  X  is  the  concentration  of  VER  or  CsA;  Y  is  equal  to  [vera¬ 
pamil]  (V  -  Vmin)  or  [CsA](V  -  Vmin),  where  is  the  elution 
volume  of  VER  or  CsA  under  conditions  where  specific  interactions 


Retention  volume  (ml) 

Fig.  1.  Frontal  analysis  of  interactions  of  Pgp  with  verapamil  on  an 
immobilized  Pgp-IAM  column  (0.5  x  0.8  cm).  The  elution  profiles  of  1.0 
nM  [3H]verapamil  in  solution  with  10,  40,  60,  200,  and  400  /xM  nonra¬ 
dioactive  verapamil  are  shown  (from  right  to  left).  Running  buffer  was  50 
mM  Tris-HCl,  pH  7.4,  at  a  flow  rate  of  0.5  ml/min. 
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are  completely  suppressed  and  V  is  the  retention  volume  of  VER  or 
*CsA  at  different  concentrations  (0.3-400  /xM  for  VER  and  2.5-100 
nM  for  CsA). 

Two  series  of  runs  were  made  to  determine  the  Kd  value  for  VBL 
and  the  Ed  values  for  doxorubicin  and  CsA.  One  series  was  per¬ 
formed  with  cold  VBL  (3-100  nM)  to  displace  [3H]VBL,  and  the  other 
was  performed  with  cold  doxorubicin  (5-70  /xM)  or  CsA  (10-250  nM) 
with  [3H]VBL  as  the  displaced  ligand.  The  Kd  value  of  VBL  and  the 
Ka  values  of  doxorubicin  and  CsA  were  calculated  using  eqs.  2  and  3 
(Winzor,  1985;  Brekkan  et  al.,  1996;  Zhang  et  al.,  1998). 

(Vmax  -  V)  ~ 1  =  (1  +  [VBL]^vbl)  ‘  (Vmin[PWv bl)  " 1 

+  (1  +  [VBL]^VBL)2  *  (V„nn[P]iWQ  - 1  *  [/]  -  1  (2) 

(V  -  Vmin)  »  1  =  (Vmin[P]iW  - 1  +  (VnJFi)  “  1[VBL3  (3) 


where  I  represents  doxorubicin  or  CsA;  [P]  represents  the  concen¬ 
tration  of  active  receptor  in  the  volume;  V^n  represents  the  elution 
volume  of  VBL  under  conditions  where  the  specific  interaction  is 
completely  suppressed;  Vraax  is  the  elution  volume  obtained  with  1.0 
nM  [3HjVBL. 

Control  Experiments.  Membranes  from  the  Pgp-negative  pa¬ 
rental  cell  line  MDA435/LCC6  (Leonessa  et  al.,  1996)  were  prepared 
and  immobilized  on  an  IAM  support  as  described  above.  Using  the 
procedure  described  above,  the  Pgp-negative-IAM  support  was 
packed  into  a  glass  column  (0.5  X  0.8  cm),  and  a  second  glass  column 
(0.5  X  0.8  cm)  was  packed  with  untreated  IAM  support.  The  three 
columns,  IAM  support  (negative  control),  Pgp-negative-IAM  (posi¬ 
tive  control),  and  Pgp-IAM  (experimental),  were  separately  con¬ 
nected  on-line  to  a  flow  scintillation  monitor  and  used  in  zonal 
chromatographic  experiments.  In  these  studies,  a  mobile  phase  com¬ 
posed  of  Tris-HCl  (50  mM,  pH  7.4)  was  constantly  pumped  through 
the  column  at  a  flow  rate  of  0.5  ml/min.  A  single  100 -pi  injection  of 
the  marker  ligand  [3H]VER  (23.5  nM)  was  injected  onto  the  column, 
and  the  radioactive  signal  (cpm)  was  recorded  every  6  s.  The  chro¬ 
matographic  data  was  summed  up  in  0.5-min  intervals  and 
smoothed  using  the  Microsoft  Excel  program  with  a  5-point  moving 
average. 

Membrane  Binding  Assays.  The  binding  assays  were  accom¬ 
plished  using  a  previously  described  method  (Ferry  et  al.,  1995). 
Briefly,  50  /xl  of  [3H]VBL  [3-100  nM  with  2%  ethanol  (v/v)]  was 
incubated  with  Pgp-containing  or  Pgp-negative  membranes  (150  /xg 
in  50  jxl)  or  bare  IAM  particles  and  50  /xl  of  cold  VBL  (12  juM)  for  2  h 
at  room  temperature.  Bound  and  free  drug  were  separated  by  rapid 
filtration  through  Whatman  GF/C  filters  that  had  been  presoaked 
with  0.1%  bovine  serum  albumin  in  Tris-HCl  (50  mM,  pH  7.4).  The 
filters  were  then  washed  with  2  portions  of  5  ml  of  ice-cold  20  mM 
Tris-HCl,  20  mM  MgCl2  buffer.  The  filters  were  dried,  and  retained 
radioactivity  was  quantitated  by  liquid  scintillation  counting.  Spe¬ 
cific  binding  was  defined  as  the  difference  between  total  binding  and 
nonspecific  binding. 

Protein  Assay.  The  amount  of  membrane  and  the  immobilized 
membrane  were  determined  by  bicinchoninic  add  (BCA)  protein 
assay.  The  sample  was  diluted  with  NaOH  (0.1  M).  A  protein  stan¬ 
dard  (0.3-37.5  jag  in  50  /xl)  was  prepared  with  albumin  standard 
(Pierce,  Rockford,  IL).  The  measurement  procedure  followed  the 
instruction  in  the  Pierce  BCA  protein  assay  kit  in  which  20  ml  of 
reagent  A  was  mixed  with  0.4  ml  of  reagent  B.  Aliquots  (50  /xl)  of 
standards  and  samples  were  added  in  triplicate  to  a  96-well  plate 
and  200  /xl  of  BCA  reagent  (A  +  B)  were  added  to  each  well.  The 
standards  and  samples  were  incubated  at  room  temperature  for  3  h, 
and  the  resulting  absorbance  at  \  =  570  nm  was  determined  using  a 
spectrophotometer.  The  amount  of  protein  was  calculated  by  using 
the  Microsoft  Excel  program. 


Results 

Chromatographic  Studies  with  Vinblastine  and 
Doxorubicin.  The  dissociation  constants  ( Kd )  of  VBL  and 
doxorubicin  were  determined  on  the  Pgp-IAM  stationary 
phase  using  displacement  chromatography  with  [3H]VBL  as 
the  marker  ligand  (Table  1).  The  calculated  Kd  of  VBL  was 
23.5  ±  7.8  nM,  consistent  with  the  previously  reported  values 
of  37.0  ±  10  nM  (Ferry  et  al.,  1995)  and  36  ±  5  nM  (Korzekwa 
et  al.,  1998).  The  Kd  value  of  15.0  ±  3.2  /xM  determined  for 
doxorubicin  was  also  consistent  with  the  reported  value  of 
31.0  ±  7.3  /xM  (Ferry  et  al.,  1995). 

The  chromatographic  results  also  were  consistent  with  the 
results  obtained  from  binding  assays  using  the  same  mem¬ 
branes  used  in  the  construction  of  the  Pgp-IAM  stationary 
phase.  In  these  studies,  membrane  extracts  were  prepared 
from  the  Pgp-expressing  cell  line  MDA435/LCC6MDR1  and 
the  Pgp-negative  cell  line  MDA435/LCC6  (Hendrikse  et  al., 
1999).  VBL  binding  to  the  two  membrane  extracts  and  the 
IAM  support  was  determined  using  a  previously  described 
rapid  filtration  method  (Ferry  et  al.,  1995).  No  specific  bind¬ 
ing  was  observed  with  the  Pgp-negative  cell  membranes  or 
the  IAM  particles,  while  a  Kd  value  of  54.5  ±  40.8  nM  was 
determined  using  the  membranes  from  the  Pgp-expressing 
cell  line.  The  calculated  affinity  was  consistent  with  the 
previously  published  value,  37  ±  10  nM,  obtained  using  the 
same  experimental  approach  (Ferry  et  al.,  1995). 

Chromatographic  Studies  with  Verapamil  and  Vin¬ 
blastine.  When  VER  was  used  as  the  displacer  of  the 
[3H]  VBL  marker  ligand,  the  calculated  Kd  value  for  VER  was 
54.2  ±  4.6  /xM.  This  value  was  significantly  higher  than  the 
previously  reported  values  of  0.45  ±  0.05  /xM  (Ferry  et  al., 
1995)  and  0.6  ±  0.18  pM  (Ferry  et  al.,  1992).  When  the 
experimental  conditions  were  reversed  and  [3H]VER  was  the 
marker  ligand  and  VBL  the  displacer,  no  displacement  of 
[3H]VER  was  observed  when  50  and  100  nM  concentrations 
of  VBL  were  added  to  the  mobile  phase  (Table  2). 

The  specificity  of  the  chromatographic  interactions  of  VER 
with  the  immobilized  Pgp  were  investigated  through  the 
independent  immobilization  of  membrane  extracts  from  the 
Pgp-expressing  cell  line  and  the  Pgp-negative  cell  line  on  the 
IAM  support.  Zonal  chromatographic  studies  were  conducted 
with  columns  containing  either  the  Pgp-IAM,  Pgp-negative- 
IAM,  or  IAM  support.  When  a  100-pl  sample  of  [3H]VER  was 
injected  onto  the  columns  containing  either  the  Pgp-nega¬ 
tive-IAM  support  or  the  IAM  support  alone,  the  retention 
volumes  on  both  columns  were  less  than  4  ml  (Fig.  2,  curves 


TABLE  1 

The  Kd  values  calculated  using  frontal  affinity  chromatography  on  the 
immobilized  Pgp-IAM  stationary  phase 


Drugs 

Kd° 

ka 

Vinblastine 

23.5  ±  7.8  nM 

37.0  ±  10  nM6 

36.0  ±  5  nMe 

Verapamil 

54.2  ±  4.6  /xM 

0.45  ±  0.05  pMb 

Doxorubicin 

15.0  ±  3.2  pMd 

31  ±  7.3  pMb 

Cyclosporin  A 

62.5  ±  5.6  nMc 

18  ±  3.6  nM6 

97.9  ±  19.4  nMd 

°  These  values  were  measured  in  the  present  work  by  frontal  affinity  chromatog¬ 
raphy  with  immobilized  Pgp-IAM. 

b  These  values  are  from  Ferry  et  al.  (1995). 
c  This  value  is  from  Callaghan  et  al.  (1997). 

d  These  values  were  obtained  by  displacing  [3H]vinblastine  (see  Experimental 
Procedures). 

e  This  value  was  measured  when  3  mM  ATP  was  in  the  running  buffer. 
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1  and  2).  The  volumes  of  these  columns  (as  well  as  the 
Pgp-IAM  column)  are  0.5  ml,  thus  a  retention  of  4  ml  indi¬ 
cates  that  it  takes  8  column  volumes  to  elute  the  [3H]VER, 
indicating  that  an  interaction  occurred  between  the  solute 
and  both  of  the  stationary  phases.  On  the  column  containing 
the  Pgp-IAM  support,  the  retention  volume  of  [3H]VER  was 
>20  ml  (Fig.  2,  curve  3). 

Chromatographic  retention  on  biopolymer  containing  sta¬ 
tionary  phases  is  a  combination  of  nonspecific  and  specific 
interactions.  The  former  interactions  are  due  to  the  physico¬ 
chemical  properties  of  the  solute  and  stationary  phase,  i.e., 
electrostatic  and  hydrophobic  interactions,  while  the  latter 
(specific)  interactions  are  due  to  interactions  between  the 
solute  and  a  specific  binding  site(s)  on  the  biopolymer.  The 
5-fold  increase  in  retention  volume  between  the  Pgp-IAM  and 
both  the  Pgp-negative-IAM  and  LAM  support  alone  indicates 
that  specific  binding  interactions  occur  between  [3H]VER 
and  the  immobilized  membrane  extracts  obtained  from  the 
Pgp-expressing  cells. 

Chromatographic  Studies  with  Cyclosporin  A  and 
Vinblastine.  When  CsA  was  used  as  the  displacer  of  the 
[3H]VBL  marker  ligand,  the  calculated  Kd  value  for  CsA  was 
97.9  ±  19.4  nM,  compared  with  the  previously  reported  value 
of  18.0  ±  3.6  nM  (Ferry  et  al.,  1995)  (Table  1).  When  [3H]CsA 
was  used  as  the  marker  ligand  and  migrated  alone  through 
the  Pgp-IAM,  the  retention  volume  was  7.8  ml  (Table  2),  and 
no  specific  retention  was  observed  (Fig.  3A).  The  addition  of 
50  nM  VBL  to  the  running  buffer  increased  the  retention 
volume  of  [3H]CsA  to  15.7  ml  (Table  2)  and  produced  the 
expected  frontal  chromatogram  (Fig.  3B).  When  the  VBL 
concentration  was  increased  to  100  nM,  the  observed  reten¬ 
tion  of  the  frontal  chromatogram  increased  to  18.8  ml  (Fig. 
3D;  Table  2). 

Effect  of  ATP  on  the  Chromatographic  Properties  of 
the  Pgp-IAM.  The  addition  of  3  mM  ATP  to  the  running 
buffer  resulted  in  changes  in  the  retention  volumes  of  CsA, 
VBL,  and  VER.  The  concentration  of  ATP  was  selected  based 
upon  the  previously  reported  studies  of  the  secondary  and 
tertiary  structures  of  reconstituted  Pgp  (Sonveaux  et  al., 
1996). 

In  the  case  of  CsA,  the  addition  of  ATP  increased  the 
retention  volume  from  7.8  to  17.5  ml  (Table  2).  In  addition  to 
the  change  in  elution  volume,  the  observed  chromatogram 
changed  from  a  frontal  curve  indicative  of  nonspecific  reten¬ 
tion  (Fig.  3A)  to  a  frontal  chromatogram  characteristic  of 
specific  retention  due  to  binding  interactions  between  the 
CsA  and  the  immobilized  Pgp-IAM  (Fig.  3C).  With  3  mM  ATP 
in  the  running  buffer,  [3H]CsA  was  displaced  from  Pgp  by  the 
addition  of  unlabeled  CsA.  The  results  from  the  CsA  displace¬ 
ment  studies  were  used  to  calculate  a  Kd  value  of  62.5  nM  for 
CsA  binding  to  the  immobilized  Pgp. 


When  VBL  was  the  marker  ligand,  the  addition  of  3  mM 
ATP  decreased  the  retention  volume  from  32.1  to  8.4  ml 
(Table  2).  The  presence  of  ATP  in  the  running  buffer  also 
changed  the  observed  chromatograms  from  a  frontal  curve 
demonstrating  specific  retention  (Fig.  4A)  to  a  nonspecific 
curve  (Fig.  4B).  A  similar  effect  was  observed  for  VER  as  the 
addition  of  3  mM  ATP  to  the  running  buffer  reduced  the 
elution  volume  from  34.2  to  5.9  ml  (Table  2)  with  a  resulting 
loss  in  specific  retention,  as  demonstrated  by  the  shape  of  the 
frontal  curve  (data  not  shown). 

Discussion 

Quantitative  affinity  chromatography  is  an  extensively 
studied  and  documented  approach  for  the  measurement  of 
ligand-protein  interactions  (cf.  Jaulmes  and  Vidal-Madjar, 
1989).  This  technique  uses  both  frontal  and  zonal  chroma¬ 
tography  to  perform  equilibrium,  thermodynamic,  and  ki¬ 
netic  studies.  In  addition,  displacement  chromatographic 
techniques  can  be  used  to  observe  binding  interactions  be¬ 
tween  two  or  more  ligands  binding  at  the  same  or  separate 
sites.  In  this  manner,  competitive  and  allosteric  (cooperative 
or  anticooperative)  interactions  can  be  readily  identified. 

In  this  study,  both  zonal  and  frontal  chromatography  were 
used  to  evaluate  Pgp-ligand  and  ligand-ligand  binding  inter¬ 
actions.  Using  zonal  chromatography,  a  comparison  of  the 
chromatographic  retention  of  verapamil,  a  known  Pgp  sub¬ 
strate,  on  the  native  chromatographic  support  and  the  Pgp- 
positive  and  Pgp-negative  supports  (Fig.  2)  demonstrated 
that,  for  Pgp  substrates,  the  observed  chromatographic  re¬ 
tentions  were  a  function  of  specific  interactions  between  the 
substrate  and  the  immobilized  Pgp. 

The  relationship  between  chromatographic  retention  on 
the  Pgp-IAM  stationary  phase  and  Pgp  binding  affinity  was 
also  illustrated  by  comparison  of  substrate  affinities  calcu¬ 
lated  using  frontal  chromatography  on  the  Pgp-IAM  column 
and  the  results  from  classical  filtration  binding  assays  (Table 
1).  The  initial  studies  in  this  series  were  conducted  using 
[3H]VBL  as  the  marker  ligand  and  Tris  buffer  (50  mM,  pH 
7.4)  as  the  running  buffer.  Under  these  conditions,  CsA  dis¬ 
placed  [3H]VBL,  producing  a  calculated  Kd  value  of  97.9  nM 
(Table  1),  which  is  consistent  with  results  from  filtration 
binding  assays  (Ferry  et  al.,  1992,  1995). 

The  displacement  of  [3H]VBL  by  CsA  indicated  that  CsA 
specifically  and  competitively  binds  to  immobilized  Pgp,  but 
frontal  chromatography  with  [3H]CsA  alone  in  the  running 
buffer  produced  a  low  retention  volume,  7.8  ml  (Table  2),  and 
no  detectable  specific  retention  (Fig.  3A).  This  indicates  that 
under  the  experimental  conditions,  [3H]CsA  did  not  specifi¬ 
cally  bind  to  immobilized  Pgp.  However,  the  addition  of  50 
nM  VBL  to  the  running  buffer  produced  a  classical  frontal 


TABLE  2 

Retention  volumes  of  pH]  vinblastine  and  [3H]  cyclosporin  A  were  obtained  when  1)  no  ATP  was  present  in  the  running  buffer,  2)  3  mM  ATP  was 
added  in  the  running  buffer,  3)  50  nM  cold  vinblastine  was  supplemented  in  the  sample  (no  ATP  in  the  buffer),  and  4)  100  nM  cold  vinblastine 
was  in  the  sample  (no  ATP  in  the  buffer) 


Drugs 

Retention  Volume  (ml)  at 

No  ATP 

3mM  ATP 

50  nM  Vinblastine 
(No  ATP) 

100  nM  Vinblastine 
(No  ATP) 

[3H]  Vinblastine 

32.1 

8.4 

11.0 

9.5 

[3H]  Verapamil 

34.2 

5.9 

34.1 

34.0 

pH]  Cyclosporin  A 

7.8 

17.5 

15.7  (15.4)“ 

18.8 

°  15.7  ml  was  measured  at  the  condition  of  no  ATP  present  in  the  running  buffer,  and  15.4  ml  was  obtained  when  3  mM  ATP  was  in  the  running  buffer. 
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chromatogram  for  [3H]CsA  (Fig.  3B)  and  increased  the  reten- 
*  tion  volume  to  15.7  ml  (Table  2).  When  the  VBL  concentra¬ 
tion  was  increased  to  100  nM,  the  retention  volume  also 
increased  to  18.8  ml  (Table  2;  Fig,  3D). 

The  results  from  the  studies  with  [3H]VBL  and  [3H]CsA  as 
the  marker  ligands  indicate  that  the  addition  of  VBL  to  the 
running  buffer  produced  a  cooperative  allosteric  interaction 
in  the  binding  process  between  [3H]CsA  and  the  immobilized 
Pgp.  This  suggests  that  the  binding  of  VBL  to  the  immobi¬ 
lized  Pgp  alters  the  protein  in  such  a  manner  that  the  site  at 
which  CsA  binds  is  formed  or  made  accessible  to  the  ligand. 

The  data  also  indicated  that  once  the  VBL-induced  change 
had  occurred  CsA  bound  to  Pgp  and  displaced  VBL  through 
competitive  and/or  anticooperative  allosteric  interactions. 
The  addition  of  CsA  to  the  running  buffer  did  not  change  the 
shape  of  the  [3H]VBL  frontal  chromatograms,  demonstrating 
that  the  displacement  was  competitive  in  nature.  One  expla- 


Retention  volume  (ml) 

Fig.  2.  Zonal  affinity  chromatographic  profiles  of  100  p,l  of  23.5  nM 
PH] verapamil  at  a  flow  rate  of  0.5  ml/min  with  50  mM  Tris-HCl,  pH  7.4, 
buffer.  1,  from  Pgp-negative-IAM  column;  2,  from  IAM  particles  column; 
and  3,  from  Pgp-IAM  column. 


Retention  volume  (ml) 

Fig.  3.  Frontal  affinity  analysis  of  1.0  nM  [3H]  cyclosporin  A.  A,  [3H]  cy¬ 
closporin  A  was  in  the  sample  alone;  B,  50  nM  cold  vinblastine  was 
supplemented  in  the  sample;  C,  3  mM  ATP  was  in  the  sample  and 
running  buffer;  D,  100  nM  cold  vinblastine  was  added  in  the  sample.  The 
running  buffer  was  50  mM  Tris-HCl,  pH  7.4. 


nation  of  these  results  is  that  the  VBL-induced  CsA  binding 
site  is  contiguous  with  or  part  of  the  VBL  site.  Thus,  CsA 
binding  to  the  induced  site  does  not  directly  compete  with 
VBL  for  the  same  site  but  inhibits  VBL  binding  through 
steric  interactions.  Korzekwa  et  al.  (1998)  have  proposed  a 
similar  model  for  enzymatic  inhibition  and  activation  of  cy¬ 
tochrome  P450  isoforms.  In  this  model,  the  simultaneous  but 
independent  binding  of  two  different  substrates  in  the  active 
site  of  the  enzyme  results  in  steric  interactions  that  produce 
the  displacement  (inhibition)  or  reorientation  (activation)  of 
one  of  the  substrates. 

In  these  studies,  the  addition  of  increasing  concentrations 
of  VER  to  the  running  buffer  reduced  the  retention  volumes 
of  [3H]VBL  without  changing  the  shapes  of  the  frontal  chro¬ 
matograms.  This  indicates  that  VER  competitively  displaced 
VBL  from  its  binding  to  Pgp,  although  the  calculated  Kd 
value  was  significantly  higher  than  previously  reported  val¬ 
ues  (Table  1).  However,  VBL  was  unable  to  displace  [3H]VER 
from  the  immobilized  Pgp.  These  results  suggest  that  VER 
binds  to  two  or  more  distinct  sites  on  the  Pgp  molecule 
including  the  site  at  which  VBL  binds.  Furthermore,  the  site 
common  to  VBL  and  VER  is  not  the  primary,  high-affinity 
VER  binding  site.  Thus,  the  Kd  value  calculated  from  the 
frontal  chromatographic  studies  (Table  1)  appears  to  be  the 
sum  of  VER  binding  affinities.  It  could  not  be  determined 
from  the  experimental  conditions  used  in  this  study  whether 
the  VER  and  VBL  sites  are  allosterically  linked.  Further 
studies  will  be  required  to  select  specific  markers  for  the 
high-  and  low-affinity  VER  binding  sites. 

The  existence  of  multiple  binding  sites  on  the  Pgp  molecule 
has  been  previously  proposed.  Using  classical  filtration  bind¬ 
ing  assays,  Ferry  et  al.  (1992)  obtained  evidence  of  nonover¬ 
lapping  binding  sites  for  Vinca  alkaloids  and  dihydropyridine 
substrates  and  for  Vinca  alkaloids  and  doxorubicin.  Also, 
distinct  sites  for  steroids  and  Vinca  alkaloids  (Garrigos  et  al., 
1997),  steroids  and  VER  (Orlowski  et  al.,  1996),  VER  and 
dihydropyridines  (Pascaud  et  al.,  1998),  and  between  differ- 


Retention  volume  (ml) 

Fig.  4.  Frontal  affinity  chromatographic  analysis  of  1  nM  [3H]  vinblastine 
with  Pgp-IAM  on  a  column  of  0.5  x  0.8  cm  at  a  flow  rate  of  0.5  ml/min.  A, 
1.0  nM  [3H]  vinblastine  only;  B,  1.0  nM  [3H]vinblastine  supplemented 
with  3  mM  ATP.  The  running  buffer  for  both  A  and  B  was  50  mM  Tris- 
HCl,  pH  7.4,  with  1.6%  ethanol. 
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ent  steroids  (Orlowski  et  al.,  1996)  were  supported  by  the 
"results  of  studies  using  an  ATPase  activation  endpoint. 
Moreover,  separate  binding  sites  have  been  suggested  for 
VER  and  anthracy dines  (Spoelstra  et  al.,  1994;  Litman  et  al., 
1997),  VER  and  colchicine  (Korzekwa  et  al.,  1998),  and  cy¬ 
closporins  and  dihydropyridines  (Tamai  and  Safa,  1991). 

Pgp  contains  two  ATP  binding  sites  (Rosenberg  et  al., 
1997).  A  previous  study  has  investigated  the  effect  of  ATP 
binding  on  the  secondary  and  tertiary  structures  of  Pgp  using 
infrared  attenuated  total  reflection  spectroscopy  (Sonveaux 
et  al.,  1996).  In  this  work,  purified  Pgp  was  functionally 
reconstituted  into  liposomes,  and  the  effect  of  ATP,  ATP  with 
VER,  VER  alone,  and  ADP  on  the  structure  of  Pgp  was 
investigated.  No  effects  were  observed  with  VER  alone  or 
with  ADP.  However,  the  addition  of  ATP  induced  a  change  in 
the  tertiary  structure  of  Pgp. 

Sonveaux  et  al.  (1996)  used  3  mM  ATP  versus  no  ATP  as 
the  two  experimental  states  for  Pgp.  In  this  study,  we  have 
used  a  running  buffer  without  ATP  and  one  to  which  we  have 
added  the  same  concentration  of  ATP  (i.e.,  3  mM).  Thus,  the 
chromatographic  results  with  ATP  in  the  running  buffer 
should  reflect  the  shift  in  Pgp  tertiary  structure  indicated  by 
Sonveaux  et  al.  (1996).  Indeed,  the  addition  of  3  mM  ATP  to 
the  running  buffer  increased  the  retention  volume  of  [3H]CsA 
from  7.8  to  17.5  ml  (Table  2),  produced  a  classical  frontal 
chromatogram  for  [3H]CsA  (Fig.  3C),  and  permitted  the  cal¬ 
culation  of  a  Kd  value  of  62.5  nM  (Table  1).  These  results 
indicate  that  the  addition  of  ATP  to  the  running  buffer  pro¬ 
duced  a  cooperative  allosteric  interaction  that  increased  the 
binding  affinity  of  Pgp  for  CsA.  Similar  results  were  obtained 
in  the  VBL-CsA  binding  interaction  studies. 

The  presence  of  ATP  in  the  running  buffer  produced  the 
opposite  effect  on  the  retention  volumes  of  [3H]VBL  and 
[3H]VER.  With  [3H]VBL,  the  addition  of  3  mM  ATP  reduced 
the  observed  retention  from  32.1  to  8.4  ml  (Table  2;  Fig.  3), 
and  the  retention  volume  for  [3H]VER  was  reduced  from  34.2 
to  5.9  ml,  with  the  loss  of  specific  retention  in  both  cases. 
These  results  suggest  an  ATP-induced  anticooperative  allo¬ 
steric  interaction.  Allosterically  produced  reductions  in  re¬ 
tention  volume  can  be  distinguished  from  competitive  dis¬ 
placements  as  illustrated  by  the  effect  of  the  addition  of  VBL 
on  the  retention  volume  of  [3H]VBL  (Table  2).  In  this  case, 
the  retention  volume  decreased,  but  the  specific  frontal  chro¬ 
matographic  curves  were  retained  (data  not  shown). 

Thus,  the  addition  of  ATP  to  the  running  buffer  produced 
changes  in  the  chromatographic  interactions  between  the 
ligands  and  the  immobilized  Pgp  (i.e.,  specific  to  nonspecific 
and  vice  versa)  that  are  consistent  with  the  changes  in  the 
tertiary  structure  identified  by  Sonveaux  et  al.  (1996).  In  this 
case,  the  consequence  of  the  change  in  Pgp  tertiary  structure 
was  the  creation  of  a  specific  binding  site  for  CsA.  The  same 
change  that  increased  the  binding  affinity  for  CsA  also  al¬ 
tered  the  site  at  which  VBL  binds,  decreasing  the  affinity  of 
Pgp  for  VBL.  The  effect  of  VBL  on  CsA  binding  affinity  and 
the  effect  of  ATP  on  the  binding  affinities  of  both  VBL  and 
CsA  indicate  that  separate,  but  closely  linked,  binding  sites 
for  CsA  and  VBL  exist  on  the  Pgp  molecule. 

The  immobilized  Pgp  liquid  chromatographic  stationary 
phase  described  in  this  report  appears  to  reproduce  Pgp 
substrate  binding  as  determined  by  classical  filtration  bind¬ 
ing  assays.  The  observed  binding  is  Pgp-specific,  is  highly 
sensitive  to  changes  in  the  protein’s  tertiary  conformation 


caused  by  Pgp  interactions  with  substrates  and  ATP,  and 
reflects  changes  occurring  in  the  functional  cycle  of  Pgp. 
Thus,  Pgp-affinity  chromatography  represents  a  promising 
tool  for  a  quick  and  reproducible  evaluation  of  potential  Pgp 
substrates  and/or  inhibitors  and  a  useful  probe  of  the  trans¬ 
port  mechanism.  The  data  obtained  through  this  approach 
provide  new  information  on  Pgp’s  mechanism  of  action,  in¬ 
cluding  evidence  of  binding  sites  for  verapamil  and  for  cy¬ 
closporins  distinct  from  the  ones  for  Vinca  alkaloids.  The 
data  directly  support  a  model  of  Pgp’s  action  where  these 
substrates  can  bind  to  distinct,  although  often  allosterically 
connected,  regions. 
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1.  Introduction 

P-glycoprotein  (PGP)  is  a  170-180-kDa  mem¬ 
brane  transporter  [1,2]  that  acts  as  an  ATP-driven 
drug  efflux  pump.  The  over-expression  of  PGP  has 
been  associated  with  multidrug  resistance  (MDR)  in 
tumor  cells  and  the  MDR  phenotype  is  a  factor  in  the 
failure  of  the  chemotherapeutic  treatment  of  breast 
cancer  [3,4],  One  approach  to  the  development  of 
therapeutic  protocols  to  overcome  MDR  in  breast 
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cancer  patients  has  concentrated  on  the  inhibition  of 
the  PGP-mediated  pump.  For  example,  in  vitro 
studies  have  demonstrated  that  the  presence  of 
verapamil  in  the  incubation  media  increased  the 
cytotoxicity  of  vinca  alkaloids  and  anthracycline 
derivatives  in  MDR  1/ PGP  tumor  cell  lines  [5], 
However,  a  clinical  trial  combining  verapamil  with 
the  vinca  alkaloid  VP  16  and  the  anthracycline  de¬ 
rivative  adriamycin  was  not  successful  due  to  the 
cardiotoxicity  of  verapamil  [6],  Thus,  the  develop¬ 
ment  of  novel  agents  to  reverse  MDR1 /PGP-me¬ 
diated  drug  resistant  remains  a  key  objective  in 
breast  cancer  research. 

The  functions  of  PGP  have  been  studied  using  a 
All  rights  reserved. 
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variety  of  experimental  formats  including,  detergent 
solution  [7],  proteoliposomes  [8—12],  membrane 
vesicles  [13,14],  and  native  membranes  [15-17]. 
However,  the  evaluation  of  ligand-binding  parame¬ 
ters  and  the  screening  of  pools  of  drug  candidates  for 
their  PGP  binding  affinities  remain  a  formidable 
task. 

Our  laboratory  has  recently  reported  the  develop¬ 
ment  of  immobilized  nicotinic  receptor-based  liquid 
chromatographic  (LC)  stationary  phases  that  can  be 
used  for  the  on-line  analysis  of  drug-receptor  interac¬ 
tions  [18,19].  In  the  present  work  we  extend  this 
study  to  the  preparation  of  PGP-based  LC  stationary 
phases  for  the  study  of  drug-PGP  interactions.  One 
PGP-based  stationary  phase  was  prepared  by  embed¬ 
ding  PGP  in  the  phospholipid  monolayer  of  an 
immobilized  artificial  membrane  (IAM)  HPLC 
stationary  phase  [20]  creating  the  PGP-IAM.  In  a 
second  approach,  PGP  was  also  reconstituted  into  the 
phospholipid  bilayer  of  liposomes  that  were  im¬ 
mobilized  on  Superdex  200  gel  beads  by  using 
freeze-thawing  methods  (PGP-LIP).  The  latter  ap¬ 
proach  was  originally  developed  for  the  immobiliza¬ 
tion  of  liposomes  or  liposomes  containing  human  red 
cell  glucose  transporter  in  chromatographic  station¬ 
ary  phase  [21,22]. 

In  this  study,  the  PGP  binding  affinities  of  vin¬ 
blastine,  cyclosporin  A  and  verapamil  were  assessed 
using  the  PGP-IAM  stationary  phase  and  frontal 
chromatographic  techniques.  The  rank  order  of  the 
calculated  Kd  values,  i.e.  highest  affinity  to  lowest 
affinity,  were  consistent  with  previously  reported 
values  [15].  The  PGP-IAM  was  stable,  reproducible 
and  appears  to  be  a  useful  addition  to  the  study  of 
PGP-ligand  interactions  and  for  the  rapid  on-line 
screening  of  new  agents  for  the  treatment  of  MDR1  / 
PGP  resistant  tumors. 


2.  Experimental 

2.1.  Chemicals 

L-a-Lecithin  [20%  phosphatidylcholine  (PC)],  E. 
coli  bulk  phospholipid  and  L-a-phosphatidylserine 
(PS)  were  purchased  from  Avanti  Polar  Lipids 
(Alabaster,  AL,  USA).  IAM. PC  particles  were  ob¬ 
tained  from  Regis  Chemical  Co.  (Morton  Grove,  IL, 


USA).  Superdex  200®  prep  grade  (a  gel  filtration 
media  with  a  unique  composite  matrix  of  dextran  and 
agarose),  Sephadex  G50  medium  and  glass  column 
(HR5/5  and  HR  5/10)  were  purchased  from  Amers- 
ham  Pharmarcia  Biotech  (Uppsala,  Sweden). 
[3H] Vinblastine  sulphate  was  from  Amersham  Life 
Science  Products  (Boston,  MA,  USA).  Cyclosporin 
A,  octyl-0-D-glucopyranoside,  leupeptin,  pepstain  A, 
glycerol,  benzamidine,  cholesterol  (>99%),  and 
other  chemicals  were  purchased  from  Sigma  Chemi¬ 
cal  Co.  (St.  Louis,  MO,  USA).  Scintillation  liquid 
(Flo-Scint  V)  was  purchased  from  Packard  Instru¬ 
ments  (Meriden,  CT,  USA). 

2.2.  Immobilization  of  PGP  in  IAM  particles 

Cultured  MDA435/LCC6mdr1  cells  which  over 
express  the  MDR1  gene  and  PGP  [23]  were  used  as 
the  source  of  the  PGP.  About  2X106  cells  were 
harvested  in  18  ml  of  50  m M  Tris-HCl  buffer  [50 
m M,  pH  7.4]  {Buffer  A}  containing  50  m M  NaCl,  2 
\lM  leupeptin  and  4  p,M  pepstatin  A.  The  mixture 
was  homogenized  for  2X20  s  with  a  Brinkmann 
Polytron  homogenizer,  the  homogenates  were  cen¬ 
trifuged  at  35  000  g  for  10  min,  the  supernatant  was 
discarded  and  the  pellets  resuspended  in  6  ml 
solubilization  solution  [Buffer  A  containing  250  m M 
NaCl,  0.5%  CHAPS  {3-[(3-cholamidopropyl)-di- 
methylammonio]-l -propane-sulfonate},  2  m M  DTT 
(dithiothreitol),  5%  glycerol]  for  2  h  at  4°C.  Dried 
IAM.PC  particles  (100  mg)  were  suspend  in  the 
PGP-CHAPS  solution  (7  ml)  and  stirred  for  1  h  at 
4°C.  The  mixture  was  then  dialyzed  against  dialysis 
buffer  [150  m M  NaCl,  10  m M  Tris-HCl  buffer,  pH 
7.5,  1  m M  EDTA  (ethylenediamine-teraacetic  acid), 
1  m M  benzamidine]  for  36  h  at  4°C.  The  obtained 
PGP-IAM  particles  were  washed  with  Buffer  A  by 
centrifugation  and  packed  in  a  glass  column. 

2.3.  Reconstitution  and  immobilization  of  PGP  in 
Superdex  200  gel  beads 

The  membrane  pellet  obtained  as  described  above 
was  suspended  in  4  ml  solubilization  solution  [50 
m M  Tris-HCl,  pH  7.5  containing  1.4%  octyl-(3-D- 
glucopyranoside,  20%  glycerol,  1  m M  DTT,  1  m M 
benzamidine  and  0.4%  phospholipid:  E.  coli  bulk 
phospholipid-PC-PS-cholesterol  (60 : 1 7.5 : 1 0: 1 2.5, 
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v/v)]  by  stirring  at  0°C  for  40  min.  Non-soluble 
material  was  removed  as  a  pellet  by  centrifugation. 
The  supernatant  was  applied  on  to  a  Sephadex  G50 
column  (1X80  cm)  which  equilibrated  with  elution 
buffer  [150  m M  NaCl,  10  m M  Tris-HCl,  1  m M 
EDTA,  1  m M  Benzamidine].  The  liposome  fractions 
(18  ml)  were  collected  and  concentrated  to  1  ml.  The 
concentrated  liposome  solution  was  mixed  with  50 
mg  dried  Superdex  200  and  kept  in  room  tempera¬ 
ture  for  2  h.  The  mixture  of  liposome  and  Superdex 
200  was  frozen  at  -75°C  for  10  min  and  thawed  at 
25°C  for  10  min.  The  freezing  and  thawing  was 
repeated  once.  The  non-immobilized  liposomes  were 
removed  by  washing  the  pellet  with  Buffer  A  until 
the  supernatant  was  clear  in  centrifugation.  The 
obtained  PGP-Superdex  gel  beads  were  packed  in  a 
chromatographic  column  (0.5  cm  I.D.). 

2.4.  Frontal  chromatographic  analysis  of  binding 
affinity  of  drugs  with  PGP-IAM  stationary  phase 

The  PGP-IAM  column  was  placed  in  a  standard 
HPLC  system  and  equilibrated  with  Buffer  A. 
[3H] Vinblastine  (10-45  ml  of  a  0.5  or  1  nM  solution 
in  Buffer  A  in  the  absence  or  presence  of  cold 
vinblastine)  was  applied  to  the  column  and  an  elution 
profile  with  frontal  and  plateau  (see  an  example  of 
the  elution  profiles  in  Fig.  1)  is  recorded  by  an 
on-line  flow  scintillation  detector  (Radiomatic™  525 
TR,  Packard  Instruments).  The  radioactive  signal 
(CPM)  in  the  outlet  eluate  were  recorded  in  6-s 


Fig.  1.  Elution  profiles  of  [3H]VB  [1  nM]  in  frontal  chromatog¬ 
raphy  based  on  the  PGP-IAM  column  (0.5  X  0.8  cm)  in  the 
absence  (profile  A)  and  presence  of  doxorubicin  [200  nM]  (profile 
B)  in  the  mobile  phase:  Tris-HCl  buffer  [50  mM,  pH  7.4].  Flow 
rate:  0.4  ml  /min. 


intervals,  summed  up  in  1-min  intervals  and 
smoothed  with  a  ten-point  moving  average  using  the 
Microsoft  Excel  program.  The  retention  volumes  of 
[3H]vinblastine  (0.5  n M)  in  the  absence  and  pres¬ 
ence  in  different  concentration  of  drugs  in  the  mobile 
phase  were  taken  as  the  elution  volume  corre¬ 
sponding  to  the  half  height  of  plateau.  The  flow-rate, 
0.4  ml/min,  was  used  in  all  runs  of  chromatography. 
Vinblastine  and  doxorubicin  were  solubilized  in 
Buffer  A,  verapamil  was  solubilized  in  Buffer  A 
with  20%  ethanol  and  the  final  concentration  of 
ethanol  was  adjusted  to  1 .6%  and  cyclosporin  A  was 
solubilized  in  Buffer  A  with  1.6%  ethanol. 

2.5.  Bicinchoninic  acid  (BCA)  protein  assay 

The  PGP-IAM  particles,  PGP-Superdex  200  gel 
beads,  IAM  particles,  Superdex  200  gel  beads  were 
collected.  The  samples  were  diluted  with  0.1  m  of 
NaOH  to  2  ml.  A  protein  standard  (0.2-25  fxg 
protein  in  50  jxl)  was  prepared  with  albumin  stan¬ 
dard  (Pierce)  and  amount  of  proteins  were  detected 
using  Pierce  BCA  protein  assay  kit  (BCA  is  a 
trademark  of  Pierce  for  protein  assays  using  bicin¬ 
choninic  acid  and  the  reagents  contain  sodium 
carbonate,  sodium  bicarbonate,  BCA  detection  re¬ 
agent,  and  sodium  tartrate  in  0.1  m  sodium  hy¬ 
droxide).  The  standards  and  samples  (50  julI  each) 
were  added  to  triplicate  wells  in  a  96-well  plate,  20 
ml  of  reagent  A  was  mixed  with  0.4  ml  of  reagent  B 
and  a  200-jxl  aliquots  of  the  resulting  BCA  reagents 
(A+B)  were  added  to  each  well.  The  plate  was 
incubated  for  2  h  at  room  temperature  and  read  in  a 
spectrophotometer  at  570  nm  using  Softmax  program 
for  the  calculation  of  protein  amount. 


3.  Results  and  discussion 

Protein  assay  showed  that  for  1  ml  of  bed  volume 
about  170  mg  proteins  were  immobilized  in  IAM 
particles  and  about  10  mg  proteins  were  immobilized 
in  Superdex  200  gel  beads.  On  a  PGP-IAM  column 
(0.5X0. 8  cm),  [3H]vinblastine  (1  n M)  was  retarded 
and  showed  a  frontal  profile  with  retention  volume 
13.3  ml  (Fig.  1,  profile  A).  When  a  known  displacer, 
doxorubicin  (200  n M),  was  included  in  the  mobile 
phase,  the  retention  volume  of  [3H] vinblastine  [1 
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nM]  was  decrease  from  13.3  to  6.5  ml  (Fig.  1,  profile 
B).  This  displacement  experiment  indicated  that  the 
specific  binding  activity  of  PGP  was  retained  after 
immobilization. 

The  Kd  value  of  vinblastine  (ATVB)  and  the  number 
of  the  active  and  available  binding  sites  (£max)  of 
immobilized  PGP  were  calculated  from  the  retention 
volumes,  V,  of  [3H]vinblastine  at  the  different  con¬ 
centration  in  frontal  chromatography  according  to 
Eq.  (1): 

[VB](F—  Fmin)  =5max[VB]/(^VB  +  [VB])  (1) 

This  equation  was  adapted  from  the  rectangular 
hyperbola  equation  [24]  using  a  previously  described 
approach  (see  Eq.  (3)  in  Ref.  [25]).  Using  this 
approach,  Kd  and  2?max  can  be  calculated  by  the 
plotting  [VB](K-  Vmin )  vs.  [VB]  or  by  one  binding 
site  nonlinear  regression  with  program  Prism  (Graph- 
Pad  Software),  taking  [VB]  as  X  values  and 
[VB](K-^nin)  as  Y  values.  Vmin  is  the  elution  volume 
of  vinblastine  [0.5  nM]  when  the  specific  interaction 
is  completely  suppressed.  Vmin  can  be  taken  approxi¬ 
mately  as  the  retention  volume  in  the  presence  of 
high  concentration  of  vinblastine.  When  a  competi¬ 
tive  displacer  (drug)  was  included  in  the  mobile 
phase,  Vmin  value  can  be  calculated  more  precisely  by 
Eq.  (2)  (below). 

The  calculated  Kd  value  for  vinblastine  determined 
on  the  initial  PGP-IAM  column  (0.5  X  0.8  cm)  in 
Buffer  A  was  19 ±20  n M  with  £max  546 ±60  nmol 
and  on  a  second  PGP-IAM  column  (0.5  X  1.5  cm) 
was  71  ±  1 1  n M  with  £max  1073  ±57  nmol.  The 
retention  volume  of  vinblastine  [0.5  nM]  on  the 
second  PGP-IAM  column  was  25.0±1.0  ml  during 
the  initial  chromatographic  run  and  24.5 ±0.8  ml 
after  over  1  month  of  use  at  room  temperature.  These 
results  demonstrate  that  the  PGP-IAM  is  reproduc¬ 
ible  and  stable. 

The  addition  of  ethanol  [1.6%]  was  necessary  for 
the  solubilization  of  the  hydrophobic  drugs  in  the 
mobile  phase.  When  1.6%  ethanol  was  included  in 
the  mobile  phase  the  retention  volume  of  vinblastine 
[0.5  nM]  was  decreased  from  25.0±1.0  to  1 5 ±  1  ml. 
Verapamil  and  cyclosporin  A  were  still  able  to 
displace  vinblastine  and  ethanol  appears  to  predomi¬ 
nately  affect  the  non-specific  retention  interactions. 

The  retention  volumes,  V,  of  [ 3 H] vinblastine  [0.5 


nM]  measured  in  the  absence  or  presence  of  ver¬ 
apamil  and  cyclosporin  A,  respectively,  at  different 
concentrations,  [drug],  were  used  to  calculate  the 
KdTng,  according  to  Eq.  (2)  [18]: 

tf-a*  "  V)~l  =  0  +  [WvbX^uA^Vb)"1 
+  (1  +  [VB]^rVB)2((^nin5maxi<rVBArdrug )_  1  [drug] 

(2) 

By  plotting  (Fmax-F)_1  vs.  [drug]'1,  Vmin  was 
obtained  when  [drug]  was  extrapolating  to  infinity, 
and  i£drug  or  Bmax  for  drugs  were  calculated  from  the 
ratio  between  the  slop  and  the  ordinate  intercept, 
which  equals  (1  +  [VB]£VB)/j^drug.  The  obtained  Kd 
values  of  vinblastine,  verapamil  and  cyclosporine 
were  presented  in  Table  1.  The  mean  and  deviations 
of  the  Kd  values  were  obtained  using  the  retention 
volumes  from  two  runs. 

The  Kd  value  of  vinblastine  measured  from  two 
PGP-IAM  columns  is  19±20  and  71  ±11  nM  These 
values  are  consistent  with  previously  reported  values 
of  9±2  n M  [15],  8±2  n M  [16]  and  37±10  n M  [17] 
that  were  obtained  using  native  membranes.  In 
another  study,  the  Kd  value  of  vinblastine  was  found 
to  be  36 ±55  nM  in  native  membranes  and  130 ±9 
nM  after  the  PGP  were  solubilized  in  detergent  [9]. 
The  authors  concluded  that  solubilization  has  altered 
the  PGP  phospholipid  environment  reducing  its 
specific  capacity. 

The  Kd  values  obtained  for  cyclosporin  A 
(492 ±21  nM)  and  verapamil  (172 ±29  jjlM)  are 
higher  than  the  previously  reported  values  of  17 ±2 
nM  [15],  18 ±3  nM  [17]  for  cyclosporin  A  and 
600  ±180  nM  [15],  452  ±50  nM  [17]  for  verapamil, 
respectively.  These  results  may  be  due  to  the  fact 
that  PGP  has  at  least  two  allosterically  coupled 
binding  sites  [17]  and  that  the  solubilization  of  the 
protein  before  immobilization  on  the  IAM  support 


Table  1 

Kd  values  calculated  using  frontal  chromatography  on  an  PGP- 
IAM  column 


Drugs 

Vinblastine 

71±11  nM 

Cyclosporine  A 

492  ±21  nM 

Verapamil 

172  ±29  jaM 
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may  have  altered  the  configuration  of  one  or  more  of 
these  sites.  This  possibility  is  under  investigation. 

Although  the  absolute  Kd  values  determined  on 
the  PGP-IAM  are  higher  than  those  obtained  by 
other  methods,  the  relative  affinities  are  the  same. 
This  demonstrates  that  the  method  previously  de¬ 
veloped  for  immobilization  of  nicotinic  receptors  in 
LC  stationary  phase  also  can  be  used  to  immobilize 
PGP  for  study  of  interaction  between  PGP  and  drugs. 

The  methods  to  reconstitute  into  liposomes  and 
immobilize  PGP-liposomes  in  Superdex  200  gel 
beads  were  also  included  in  this  manuscript  as  an 
alternative  for  the  preparation  of  PGP-LC  stationaiy 
phase.  PGP  reconstituted  in  the  phospholipid  bilayer 
of  the  immobilized  proteoliposomes  also  displayed  a 
similar  binding  activity  as  the  PGP  immobilized  in 
I  AM  particles  (data  not  shown).  Since  immobilized 
PGP-Superdex  200  did  not  show  obvious  advantages 
over  PGP-IAM  in  the  study  of  drug  binding  on  PGP, 
additional  experiments  are  being  performed  on  PGP- 
Superdex  200  column  and  will  be  reported  at  a  future 
date. 
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The  transmembrane  transport  pump  P-glycoprotein  (Pgp)  causes  the  efflux  of  chemotherapeutic 
agents  from  cells  and  is  believed  to  be  an  important  mechanism  in  multidrug  resistance  (MDR)  in 
mammary  tumours.  In  the  present  study  we  demonstrate  that  an  extract  of  the  common  dietary  herb 
rosemary  ( Rosemarinus  officinalis  Labiatae),  increases  the  intracellular  accumulation  of  commonly 
used  chemotherapeutic  agents,  including  doxorubicin  (DOX)  and  vinblastine  (VIN),  in  drug-resistant 
MCF-7  human  breast  cancer  cells  which  express  Pgp.  Rosemary  extract  (RE)  inhibits  the  efflux  of 
DOX  and  VIN,  which  are  known  to  be  substrates  of  Pgp,  but  does  not  affect  accumulation  or  efflux  of 
DOX  in  wild  type  MCF-7  cells,  which  lack  Pgp.  Treatment  of  drug-resistant  cells  with  RE  increases 
their  sensitivity  to  DOX,  which  is  consistent  with  an  increased  intracellular  accumulation  of  the  drug. 
RE  blocks  the  binding  of  the  VIN  analogue  azidopine  to  Pgp.  Thus,  it  appears  that  RE  directly  inhibits 
Pgp  activity  by  inhibiting  the  binding  of  drugs  to  Pgp.  ©  1999  Elsevier  Science  Ltd.  All  rights  reserved. 
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INTRODUCTION 

Multidrug  resistance  (MDR),  the  cross-resistance  of 
tumour  cells  to  a  variety  of  structurally  and  functionally 
unrelated  anticancer  drugs,  is  a  major  obstacle  in  cancer 
treatment  [1].  Although  there  are  several  mechanisms  which 
confer  MDR,  one  that  is  often  overexpressed  in  mammary 
tumours  following  drug  treatment  is  the  170kD  plasma 
membrane-associated  glycoprotein  (Pgp).  Pgp  acts  as  an 
energy-dependent  drug  efflux  pump  that  decreases  intra¬ 
cellular  drug  accumulation,  thereby  decreasing  the  effective¬ 
ness  of  many  chemotherapeutic  agents  [2].  Since  Pgp  can 
confer  MDR  on  tumour  cells,  the  development  of  agents 
which  inhibit  the  Pgp-mediated  efflux  of  drugs,  and  thus 
reverse  MDR,  has  been  intensively  pursued  [3].  A  broad 
range  of  compounds  have  been  identified  that  are  able  to 
reverse  MDR  by  blocking  Pgp  activity  in  vitro.  However,  they 
have  not  been  widely  used  in  the  treatment  of  cancer  patients 
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because  the  doses  required  to  reverse  MDR  resistance  are 
either  toxic  or  not  clinically  achievable  [4].  A  ‘second  gen¬ 
eration’  of  MDR  reversal  agents,  such  as  the  cyclosporin 
derivative  PSC  833  [5]  has  recently  been  identified  and  are 
currently  undergoing  clinical  trial. 

Our  laboratory  has  previously  investigated  the  effect  of 
several  natural,  plant-derived  chemicals  on  the  activity  of 
Pgp.  Several  members  of  the  flavonoids,  a  diverse  group  of 
structurally  related  polyphenolic  compounds  widely  dis¬ 
tributed  in  plants,  were  shown  to  increase  the  activity  of  Pgp 
towards  carcinogens  such  as  dimethylbenz  [a]  anthracene  [6]. 
Since  Pgp  is  expressed  in  normal  tissues,  we  hypothesised 
that  these  flavonoids  may  have  chemopreventive  activity 
against  environmental  carcinogens  by  increasing  the  cellular 
efflux  of  these  compounds  from  cells  via  Pgp.  However,  in  a 
chemotherapeutic  setting,  an  increase  in  Pgp  activity  would 
be  counterproductive,  and,  indeed,  we  found  that  these  fla¬ 
vonoids  also  increase  the  Pgp-mediated  efflux  of  the  chemo¬ 
therapeutic  drug  doxorubicin  (DOX)  [7].  We,  therefore, 
investigated  other  phytochemicals  which  might  inhibit  Pgp 
activity  and  reverse  MDR.  Extracts  of  rosemary  (. Rosemarinus 
officinalis  Labiatae),  a  commonly  used  herb,  has  been  pre¬ 
viously  shown  to  have  potent  chemopreventive  activity  in  vivo 
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[8,9].  As  a  result,  rosemary  extract  (RE)  has  been  well 
studied  in  animal  models  and  has  been  shown  to  be  anti- 
mutagenic  [10,11]  and  nontoxic  [12].  With  RE  already 
established  as  an  effective  chemopreventive  agent  and  non¬ 
toxic  in  animal  models,  we  investigated  its  effect  on  Pgp 
activity  and  MDR.  In  this  report  we  demonstrate,  for  the  first 
time,  that  RE  inhibits  Pgp-mediated  drug  efflux,  resulting  in 
an  increase  in  the  intracellular  accumulation  and  cytotoxicity 
of  chemotherapeutic  drugs  in  drug-resistant  human  breast 
cancer  cells  in  vitro. 

MATERIALS  AND  METHODS 

Materials 

DOX,  verapamil,  vinblastine  (VIN),  kaempferol  and 
dimethylsulphoxide  (DMSO)  were  purchased  from  Sigma 
Chemical  Company  (St  Louis,  Missouri,  U.S.A.).  The  RE 
compounds  camosic  acid,  camosol  and  rosemarinic  acid 
were  gifts  of  Kelsec,  Inc,  (Kalamazoo,  Michigan,  U.S.A.).  All 
radio-labelled  compounds  were  purchased  from  Amersham 
(Arlington  Heights,  Illinois,  U.S.A.). 

Preparation  of  RE 

RE  was  prepared  according  to  the  method  of  Wu  and 
colleagues  [13],  Briefly,  1kg  of  powdered  rosemary  leaves 
were  extracted  with  61  of  methanol  at  60° C  for  2h.  The 
mixture  was  filtered  and  re-extracted  with  41  of  methanol. 
The  combined  filtrate  was  bleached  with  200  g  of  active 
charcoal,  filtered  and  concentrated  by  rotary  evaporation  to 
900  ml  before  filtering  to  remove  precipitates.  The  filtrate  was 
rotary  evaporated  to  dryness  to  produce  the  RE.  Purification 
of  RE  by  this  method  gave  a  yield  of  77  g  from  1  kg  of  ground 
RE.  RE  was  dissolved  in  DMSO  with  the  final  DMSO  con¬ 
centration  used  for  experimentation  adjusted  to  0.1%  (v/v)  in 
media. 

Cell  culture 

Three  different  MCF-7  human  breast  cancer  cell  lines 
were  used  in  this  study:  the  wild-type  (WT),  which  does  not 
express  Pgp;  R65,  an  MCF-7-derived  line  which  expresses 
Pgp  and  has  acquired  resistance  to  DOX  and  VIN  [14];  and 
Clone  10.9,  a  stable  MDR1 -transfected  MCF-7  line  with 
resistance  to  DOX  and  colchicine  [15].  Cells  were  main¬ 
tained  in  RPMI  1640  (BioFluids,  Rockville,  Maryland, 
U.S.A.)  supplemented  with  10%  (v/v)  fetal  bovine  serum 
(Life  Technologies,  Rockville,  Maryland,  U.S.A.)  and  2  mM 
L-glutamine  (BioFluids)  at  37°C  in  a  humid  atmosphere 
containing  5%  C02.  Cells  were  passed  weekly  using  0.05% 
trypsin/0.01  %  ethylenediaminetetra-acetic  acid  (EDTA). 

Intracellular  drug  accumulation 

WT  and  R65  cells  were  plated  out  at  200  000  cells  per  well 
and  Clone  10.9  cells  were  plated  out  at  320  000  cells  per  well 
in  6-well  plates  and  allowed  to  grow  to  confluence.  Cells  were 
pretreated  with  DMSO  (control)  or  82  pg  of  RE  per  ml  of 
culture  medium  for  30  min,  then  exposed  to  0.01  pCi 
[14C]DOX/ml,  0.05  pCi  [3H]paclitaxel/ml,  or  0.05  pCi 
[3H]VIN/ml  for  60  min.  The  medium  was  removed  and  the 
plates  were  washed  extensively  with  phosphate-buffered  sal¬ 
ine  (PBS).  The  cells  were  then  trypsinised  (0.25%  trypsin/ 
3mM  EDTA),  transferred  to  scintillation  vials  to  which 
20  ml  of  Aquasol  scintillation  fluid  (Beckman,  Palo  Alto, 
California,  U.S.A.)  was  added,  and  the  amount  of  intracel¬ 
lular  radioactivity  was  determined. 


Measurement  of  Pgp-mediated  drug  efflux 

WT,  R65,  and  Clone  10.9  cells  were  plated  out  as  des¬ 
cribed  for  drug  accumulation  experiments  and  allowed  to 
grow  to  confluence.  Cells  were  pretreated  with  DMSO  (con¬ 
trol),  16.5pg/ml  or  85  pg/ml  of  RE  (Figure  1),  or  50  pM 
(16.5  to  18.0  pg/ml)  of  purified  RE  components  for  30  min, 
then  exposed  to  0.01  pCi  [14C]DOX/ml  for  60  min  at  37°C. 
The  medium  was  removed  and  the  plates  washed  extensively 
with  PBS.  Fresh  medium  was  added  and  the  cells  were  incu¬ 
bated  for  30  min  at  37°  C.  The  medium  was  removed,  and  the 
amount  of  [l4C]DOX  in  the  medium  that  had  been  effluxed 
into  the  medium  was  measured  by  scintillation  counting.  The 
cells  were  trypsinised  and  also  counted.  Data  are  expressed  as 
the  per  cent  of  total  [14C]DOX  present  in  the  medium. 

Measurement  of  DOX  cytotoxicity 

WT  and  R65  cells  were  plated  out  at  20  000  cells  per  well 
and  Clone  10.9  cells  were  plated  out  at  26000  cells  per  well 
in  24-well  plates.  After  24  h,  medium  containing  DMSO 
(control)  or  16.5  pg  of  RE  per  ml  of  culture  medium  in  the 
presence  of  various  concentrations  of  DOX  was  added.  The 
cells  were  incubated  for  4  days  at  37° C,  and  cell  growth  was 
assessed  by  sulphorhodamine  assay  [16]. 

Plasma  membrane  preparation  and  [3 H] azidopine  labelling 

Plasma  membranes  for  azidopine  labelling  studies  were 
prepared  from  confluent  R65  cell  cultures.  Cells  were  scraped 
from  the  tissue  culture  flasks  and  pelleted  by  centrifugation. 
The  cell  pellet  was  resuspended  in  buffer  consisting  of 
50  mM  Tris-HCl,  pH  7.4,  150mM  NaCl,  and  Complete 
protease  inhibitor  cocktail  (Beckman)  and  sonicated.  The 
sonicate  was  centrifuged  at  120000#,  4°C,  for  60  min  in  an 
Optima  XL-90  Ultracentrifuge  (Beckman).  The  membrane 
pellet  was  resuspended  in  50  mM  Tris-HCl,  pH  7.4;  16% 
(w/v)  sucrose  with  Complete,  and  layered  on  to  31%  (w/v) 
sucrose  for  centrifugation  at  70000#,  4°C,  for  18h.  The  par¬ 
tially  purified  Pgp  membranes  were  dialysed  overnight  at  4°C 
against  50  mM  Tris-HCl,  pH  7.4,  150mM  NaCl,  and  Com¬ 
plete  prior  to  use.  Photoaffinity  labelling  of  the  partially  pur¬ 
ified  membranes  with  [3H]  azidopine  was  carried  out  as 
previously  described  [14].  DOX,  verapamil,  kaempferol,  and 

■  Control 

□  +  RE  (16,5  }ig/ml) 


Figure  1.  Effect  of  RE  on  the  efflux  of  [14C]DOX.  n  =  3  ±  stan¬ 
dard  deviation  (S.D.).  There  was  a  significant  decrease  in 
[14C]DOX  efflux  in  R65  and  Clone  10.9  cells  treated  with  RE, 
but  no  difference  in  WT  cells  (P<0.05). 


Rosemary  Extract  Inhibits  P-glycoprotein 


1543 


Time  (h) 


(b) 


5000  H 


4000  A 


C 

o 

!q  <d  3000 

=>  o 


(c)  12000-1 


go 

o  ^ 
S  E 

P  * 


2000  H 


10001 


R65 


i„ 


10000- 


8000  H 


i  i  H„ 

g?  ^  ^  1 8 

™  |1  6000 
HE 
O  Q- 

^  B  4000 
2000 


2  3  4 

Time  (h) 


Figure  2.  Effect  of  RE  on  the  accumulation  of  [14C]DOX  in  MCF-7  cells.  n  =  3  ±  standard  deviation  (S.D.).  There  was  a  sig¬ 
nificant  increase  in  [14C]DOX  accumulation  in  R65  and  Clone  10.9  cells  treated  with  RE  compared  with  controls  at  every  time 
point  examined  (P<0.05),  but  no  difference  in  WT  cells.  ■  control  (DMSO),  RE  treated. 


VIN  used  in  the  [3H]  azidopine  labelling  were  all  at  a  con¬ 
centration  of  0.2  pM,  which  represents  a  330-fold  excess  over 
the  amount  of  [3H]  azidopine.  RE  was  used  at  0.066  pg/ml. 

Statistical  analysis 

Statistical  analyses  were  performed  using  StatView  Statis¬ 
tical  Analysis  software  (SAS  Institute,  San  Francisco,  Cali¬ 
fornia,  U.S.A.).  Differences  between  group  mean  values  were 
determined  by  a  one-factor  analysis  of  variance  (ANOVA), 
followed  by  Fisher  PSLD  post-hoc  analysis  for  pairwise  com¬ 
parison  of  means. 

RESULTS 

Modulation  of  intracellular  drug  accumulation  by  RE 

We  have  previously  developed  and  characterised  MDR  cell 
lines  derived  from  human  breast  cancer  MCF-7  cells  by 
continuous  exposure  to  DOX  [6, 14].  These  cells  overexpress 
Pgp,  resulting  in  a  65-fold  increase  in  DOX  resistance  com¬ 
pared  to  WT  cells  and  are,  therefore,  designated  as  R65.  WT 
and  R65  cell  lines,  as  well  as  Clone  10.9,  a  MCF-7  cell  line 
which  expresses  Pgp  as  a  result  of  a  stable  transfection  with 
the  MDR1  gene,  were  used  in  the  present  study  to  examine  the 
effect  of  RE  on  drug  accumulation,  Pgp  activity,  and  MDR. 

We  examined  the  effect  of  RE  on  the  intracellular  accu¬ 
mulation  of  several  commonly  used  chemotherapeutic  agents. 


Figure  3.  Effect  of  RE  on  the  accumulation  of  [3H]VIN.  The 
accumulation  of  [3H]VIN  in  WT,  R65,  and  Clone  10.9  cells  in 
the  presence  or  absence  of  RE  (82  fig/ml)  was  determined. 
n  =  3  ±  standard  deviation  (S.D.).  There  was  a  significant 
increase  in  [3H]vinblastine  accumulation  in  R65  and  Clone 
10.9  cells  in  the  presence  of  RE  (P<0.05). 


As  seen  in  Figure  2,  incubation  of  WT  cells  with  [14C]DOX 
resulted  in  a  time-dependent  accumulation  of  DOX.  This 
was  not  affected  by  exposure  to  RE.  In  R65  and  Clone  10.9 
cells  there  was  no  significant  accumulation  of  [14C]DOX  in 
DMSO  controls  over  the  time  period  studied,  but  exposure 
to  RE  resulted  in  a  significant  increase  (P<0.05)  in  DOX 
accumulation  in  R65  and  Clone  10.9  cells  compared  with 
controls. 

RE  treatment  also  caused  an  increase  in  the  cellular  accu¬ 
mulation  of  [3H]VIN  in  R65  cells  and  Clone  10.9  cells,  but 
did  not  affect  f3H]  VIN  accumulation  in  WT  cells  (Figure  3). 
RE  also  caused  a  significant  increase  in  the  amount  of 
[3H]paclitaxel  accumulation  in  R65  cells  (data  not  shown). 

Effect  of  RE  on  DOX  efflux 

The  effect  of  RE  on  the  Pgp-mediated  efflux  of  DOX  was 
examined.  As  shown  in  Figure  1,  RE  caused  a  decrease  in  the 
amount  of  DOX  effluxed  from  R65  and  Clone  10.9  cells, 
whilst  having  no  effect  on  efflux  in  WT  cells.  Similarly,  in 
normal  human  breast  cells  (Clonetics,  San  Diego,  California, 
U.S.A.),  which  have  little  or  no  Pgp  expression,  there  was  no 
change  in  the  accumulation  or  efflux  of  DOX  in  the  presence 
of  RE  (data  not  shown). 


Figure  4.  Effect  of  purified  RE  components  on  [14C]DOX 
efflux.  The  efflux  of  [14C]DOX  in  the  presence  of  50  nM 
(approximately  16.5  to  18  M-g/ml)  of  the  RE  components  car- 
nosic  acid  (CA),  carnosol  (C),  rosemarinic  acid  (RA),  or  82  ugl 
ml  RE  was  determined  in  R65  (striped  bars)  and  Clone  10.9 
cells  (dotted  bars).  n  =  3  ±  standard  deviation  (S.D.).  There 
was  no  significant  difference  in  efflux  in  R65  or  Clone  10.9  cells 
with  any  treatment  except  RE  (P<0.05). 
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(a)  R65  (b)  Clone  10.9 


Figure  5.  Effect  of  RE  on  the  cytotoxicity  of  DOX.  (a)  R65  and  (b)  Clone  10.9  cells  were  grown  in  the  presence  of  DMSO  (control) 
or  RE  (16.5  ^ig/ml)  in  the  presence  of  different  concentrations  of  DOX.  The  amount  of  cell  growth  was  determined  after  3  days  by 
sulphorhodamine.  RE  at  this  concentration  had  no  significant  inhibitory  activity  on  cell  growth  by  itself,  n  =  3  ±  standard  deviation 
(S.D.).  There  was  a  significant  difference  in  cell  growth  in  RE-treated  cultures  compared  with  controls  in  both  cell  lines  (P<0.05). 


The  RE  prepared  for  these  experiments  is  a  complex  mix¬ 
ture  of  compounds.  Previous  experiments  on  the  antioxidant 
properties  of  RE  led  to  the  purification  of  the  active  anti¬ 
oxidant  components  camosol,  camosic  acid,  and  rosemarinic 
acid  [13, 17].  To  determine  if  any  of  these  substances  were 
the  active  component  responsible  for  modulation  of  Pgp 
activity,  we  examined  their  effect  on  DOX  efflux  in  R65  and 
Clone  10.9  cells.  There  was  no  significant  inhibition  of  DOX 
efflux  in  R65  or  Clone  10.9  cells  treated  with  camosic  acid, 
camosol,  or  rosemarinic  acid  (Figure  4). 

Effect  of  RE  on  DOX  cytotoxicity 

Because  RE  increased  the  intracellular  accumulation  of 
DOX,  we  examined  its  effect  on  DOX-induced  cytotoxicity 
as  measured  by  inhibition  of  cell  growth.  Incubation  of  WT 
cells  with  increasing  amounts  of  DOX  resulted  in  a  decrease 
in  cell  growth  that  was  not  affected  by  incubation  with  RE 
(data  not  shown).  In  R65  and  Clone  10.9  cells,  co-incubation 
of  DOX  with  RE  resulted  in  a  significant  increase  in  the 
cytotoxicity  of  DOX  (Figure  5a  and  b).  RE  also  decreased  the 
IC50  of  VIN  in  R65  cells  (data  not  shown).  A  lower  RE  con¬ 
centration  was  used  in  cytotoxicity  experiments  than  in 
accumulation  and  efflux  experiments  because  RE  itself 
inhibited  cells  growth  (IC50  =  30  pg/ml  for  all  cell  lines;  data 
not  shown).  Higher  concentrations  of  RE  which  lead  to  even 
greater  accumulation  of  DOX  could  not,  therefore,  be  tested 
with  regard  to  cytotoxicity.  The  higher  concentrations  used  in 
Figures  1-3  did  not  affect  cell  viability  because  the  incubation 
time  was  short  and  the  cells  were  confluent. 

Mol.  Wt  Con  +DOX  +Ver  +Kf  +RE  +VIN 


Figure  6.  Photoaffinity  labelling  of  Pgp  with  [3H]azidopine  in 
the  presence  of  RE  or  other  effectors  of  Pgp.  Partially  purified 
plasma  membranes  from  R65  cells  containing  Pgp  were  sub¬ 
jected  to  photoaffinity  labelling  with  the  VIN  analogue 
[3H]azidopine  in  the  presence  of  DMSO  (Con),  or  a  330-fold 
excess  of  DOX,  verapamil  (Ver),  kaempferol  (kf),  RE  ,  or  VIN. 


Effect  of  RE  on  photoaffinity  labelling  of  Pgp 

Substrates  and  reversal  agents  of  Pgp  are  known  to  inhibit 
photoaffinity  labelling  of  Pgp  by  the  VIN  analogue  [3H]azi- 
dopine  by  competing  with  azidopine  for  the  substrate  binding 
site(s)  of  Pgp.  In  order  to  determine  whether  RE  interacts 
directly  with  Pgp  binding  site(s),  we  examined  photoaffinity 
labelling  of  Pgp  in  the  presence  of  RE.  The  presence  of  a 
330-fold  excess  of  RE  (compared  with  [3H]  azidopine)  com¬ 
pletely  abolished  binding  of  [3H]  azidopine  to  Pgp  (Figure  6) . 
RE  was  as  effective  as  VIN  at  this  concentration  at  inhibiting 
labelling,  and  more  effective  than  DOX  or  the  Pgp  reversal 
agent  verapamil.  Kaempferol,  a  flavonoid  which  we  have 
previously  shown  to  increase  Pgp  activity  [6,14],  increased 
[3H]  azidopine  labelling. 

DISCUSSION 

The  intracellular  level  of  some  chemotherapeutic  drugs  is 
decreased  by  the  activity  of  Pgp,  the  ATP-dependent  efflux 
pump  encoded  by  the  MDR1  gene,  which  is  up-regulated  in 
many  drug-resistant  tumour  cells  [1,18].  Much  attention 
has,  therefore,  been  devoted  to  the  development  of  agents 
which  inhibit  Pgp  activity  and  reverse  MDR.  Unfortunately, 
the  most  effective  Pgp  inhibitors  in  vitro ,  such  as  verapamil, 
have  proven  to  be  too  toxic  to  be  used  clinically.  A  readily 
available,  nontoxic  Pgp  inhibitor  may  prove  to  be  efficacious 
when  administered  in  combination  with  commonly  used 
chemotherapeutic  pleiotropic  drugs  whose  effectiveness  is 
compromised  by  Pgp,  such  as  DOX,  VIN,  and  paclitaxel. 
Therefore,  the  effects  of  many  plant-derived  compounds  on 
Pgp  were  investigated.  These  phytochemicals  have  the 
advantage  of  being  natural  dietary  compounds  that  are  non¬ 
toxic  in  animals.  In  the  present  study  we  investigated  the 
effects  of  RE  on  drug  accumulation  and  Pgp  activity  in  vitro. 
RE,  a  complex  mixture  of  chemicals  extracted  from  rose¬ 
mary,  has  shown  much  promise  in  the  prevention  of  chem¬ 
ically-induced  carcinogenesis  in  animal  models  [8,9,17]. 
We  carried  out  these  experiments  in  a  DOX-resistant  MCF-7 
cell  line  which  expresses  high  levels  of  Pgp  compared  with 
WT  cells.  These  cells  were  developed  by  continuous  expo¬ 
sure  to  DOX  over  a  period  of  months.  To  confirm 
these  results,  we  also  examined  the  effect  of  RE  in  Clone  10.9 
cells,  an  MCF-7  cell  line  which  is  stably  transfected  with 
MDR1. 
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RE  caused  a  substantial  increase  in  the  accumulation  of 
DOX  or  VIN  in  cells  expressing  Pgp,  and  inhibited  the  efflux 
of  DOX,  but  had  no  effect  on  WT  cells  which  lack  Pgp.  RE 
also  caused  an  increase  in  paclitaxel  accumulation  in  these 
cells  (data  not  shown).  Since  these  drugs  are  known  to  be 
substrates  for  Pgp,  we  concluded  that  RE  modulates  intra¬ 
cellular  drug  levels  by  inhibiting  Pgp.  In  agreement  with  these 
data,  RE  also  increased  the  cytotoxicity  of  DOX  in  Pgp- 
expressing  cell  lines,  but  not  WT  cells.  Exposure  to  RE  also 
increased  the  cytotoxicity  of  VIN  (data  not  shown).  This 
demonstrates  that  RE  can  partially  reverse  MDR  in  cells 
which  express  Pgp. 

Since  the  time  of  exposure  of  cells  to  RE  in  these  experi¬ 
ments  was  short  (1  to  4  h),  it  is  unlikely  that  RE  acts  by 
down-regulating  MDR1  transcription  and,  therefore,  redu¬ 
cing  the  amount  of  cellular  Pgp.  Nevertheless,  we  examined 
the  effect  of  RE  on  the  expression  of  Pgp  at  the  protein 
(Western)  and  mRNA  (Northern)  levels.  There  was  no  dif¬ 
ference  in  Pgp  expression  in  any  of  the  three  cell  lines  used  in 
this  study  when  treated  with  RE  for  a  period  of  4  days  (data 
not  shown).  Taken  together,  these  data  indicate  that  RE 
increases  intracellular  drug  levels  by  modulating  Pgp  activity, 
not  expression. 

Several  laboratories  have  isolated  constituents  present  in 
RE  that  are  primarily  responsible  for  the  antioxidant  activity 
of  RE.  To  attempt  to  identify  the  constituent  of  RE  respon¬ 
sible  for  Pgp  inhibition,  we  examined  the  effect  of  several  of 
these  phytochemicals  on  DOX  efflux.  The  concentration  of 
camosic  acid  and  camosol  in  RE  prepared  by  the  method  of 
Wu  and  colleagues  [13]  is  approximately  7.5%  each.  The 
concentration  of  camosic  acid  or  camosol  in  our  assays  of 
drug  accumulation  or  efflux  is,  therefore,  approximately  6  jig/ 
ml.  Neither  camosic  acid,  camosol,  nor  rosemarinic  acid  sig¬ 
nificantly  affected  DOX  efflux  in  R65  or  Clone  10.9  cells, 
even  at  a  concentration  of  16.5  pg/ml  (Figure  4).  Thus,  car- 
nosic  acid,  camosol,  and  rosemarinic  acid  do  not  contribute 
to  the  inhibitory  effect  of  RE.  Some  other  of  the  thousands  of 
phytochemicals  present  in  RE,  or  a  combination  of  phyto¬ 
chemicals,  must  be  responsible  for  this  activity,  but  the 
‘active  ingredient^)’  remains  to  be  determined. 

In  order  to  determine  the  mechanism  of  RE’s  activity,  we 
employed  [3H]azidopine  photoaffinity  labelling.  [3H]  azido¬ 
pine,  a  VIN  analogue,  binds  to  the  substrate  binding  site(s)  of 
Pgp.  Inhibition  of  labelling  by  a  compound  indicates  that  the 
compound  direcdy  competes  for  the  substrate  binding  site(s), 
thus  blocking  the  binding  of  azidopine.  In  this  manner,  the 
Pgp  substrates  DOX  and  VIN,  or  the  Pgp  inhibitor  ver¬ 
apamil,  inhibit  azidopine  labelling  of  Pgp  in  partially  purified 
plasma  membranes  (Figure  6).  RE  completely  abolished 
photoaffinity  labelling,  indicating  that  RE  directly  binds  to 
Pgp  at  the  binding  site(s).  Thus,  this  suggests  that  the 
mechanism  of  RE’s  inhibitory  activity  is  through  a  competi¬ 
tive  inhibition  of  substrate  binding.  Whether  the  active  com¬ 
ponent  of  RE  itself  undergoes  transport  by  Pgp  is  unknown. 

RE,  unlike  other  Pgp  inhibitors,  is  not  only  plentiful  and 
inexpensive  to  prepare,  but  relatively  nontoxic.  Although  the 
present  experiments  demonstrate  that  RE  is  an  effective 
inhibitor  of  Pgp  activity  in  vitro3  animal  experimentation  is 
required  to  determine  if  RE  has  potential  as  an  effective  and 
safe  ‘chemosensitiser’  for  treating  cancers  expressing  Pgp- 
mediated  MDR.  Furthermore,  despite  intense  interest  in 
rosemary  extract  as  an  inhibitor  of  experimental  carcinogen¬ 
esis  in  animal  studies,  the  physiologically  relevant  concentra¬ 


tions  attainable  in  humans  have  not  been  reported.  It  is 
important  to  consider  that  the  levels  of  MDR  and  Pgp 
expression  in  the  cell  lines  used  in  this  study  are  much  greater 
than  that  developed  in  human  tumour  cells.  Thus,  RE  may 
be  an  even  more  effective  MDR  reversal  agent  in  actual 
tumours.  The  effect  of  RE  on  other  drug  efflux  mechanisms 
such  as  the  multidrug  resistance  protein  [19]  is  currendy 
under  investigation. 
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a  Meta-analysis  of  MDRl/gpl70  Expression 
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Background:  P-glycoprotein  (gpl70;  encoded  by  the  MDR1 
gene  [also  known  as  PGY1])  is  a  membrane  protein  capable 
of  exporting  a  variety  of  anticancer  drugs  from  cells.  MDR1/ 
gpl70  expression  has  been  studied  in  breast  cancer,  but  the 
prevalence  of  this  expression  and  its  role  in  breast  tumor 
drug  resistance  are  unclear.  Purpose:  We  conducted  a  criti¬ 
cal  review  and  meta-analysis  of  studies  examining  MDR1/ 
gpl70  expression  in  breast  cancer  to  estimate  the  likely 
prevalence  and  clinical  relevance  of  this  expression.  We  also 
explored  reasons  for  differences  in  the  findings  from  indi¬ 
vidual  studies.  Methods:  Published  papers  on  MDRl/gpl70 
expression  in  breast  cancer  were  identified  by  searching  sev¬ 
eral  literature  databases  and  reviewing  the  bibliographies  of 
identified  papers.  Variability  across  the  studies  in  the  pro¬ 
portion  of  tumors  expressing  MDRl/gpl70  was  assessed  by 
use  of  chi-squared  tests  of  homogeneity,  weighted  means, 
and  weighted  linear  regression.  Pooled  relative  risks  (RRs) 
for  the  association  between  the  induction  of  MDRl/gpl70 
expression  and  prior  chemotherapy  and  associations  be¬ 
tween  MDRl/gpl70  expression  and  several  clinical  outcomes 
were  estimated  by  use  of  Mantel-Haenszel  methods.  Hetero¬ 
geneity  among  the  pooled  RRs  was  explored  by  use  of  chi- 
squared  tests.  Reported  P  values  are  two-sided.  Results: 
Thirty-one  studies  were  identified  and  evaluated.  The  pro¬ 
portion  of  breast  tumors  expressing  MDRl/gpl70  in  all  of 
the  studies  was  41.2%,  but  there  was  substantial  heteroge¬ 
neity  in  the  values  across  individual  studies  (Rc.OOOl).  Re¬ 
gression  analyses  demonstrated  that  a  considerable  portion 
of  the  observed  heterogeneity  was  a  consequence  of  the 
change,  over  time,  from  RNA  hybridization-based  assays  to 
immunohistochemistry-based  assays  of  MDRl/gpl70  ex¬ 
pression.  Measuring  MDRl/gpl70  expression  before  versus 
after  chemotherapy  and  use  of  cytotoxic  drugs  that  are  not 
substrates  for  gpl70  also  contributed  to  the  heterogeneity. 
Treatment  with  chemotherapeutic  drugs  or  hormonal  agents 
was  associated  with  an  increase  in  the  proportion  of  tumors 
expressing  MDRl/gpl70  (RR  =  1.77;  95%  confidence  inter¬ 
val  [Cl]  =  1.46-2.15).  Patients  with  tumors  expressing 
MDRl/gpl70  were  three  times  more  likely  to  fail  to  respond 
to  chemotherapy  than  patients  whose  tumors  were  MDR1/ 
gpl70  negative  (RR  =  3.21;  95%  Cl  =  2.28-4.51);  this  RR 
increased  to  4.19  (95%  Cl  =  2.71-6.47)  when  considering 
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only  patients  whose  tumor  expression  of  MDRl/gpl70  was 
measured  after  chemotherapy.  MDRl/gpl70  expression  was 
not  associated  with  lymph  node  metastases,  estrogen  recep¬ 
tor  status,  tumor  size,  tumor  grade,  or  tumor  histology.  Con¬ 
clusions  and  Implications:  MDRl/gpl70  expression  in  breast 
tumors  is  associated  with  treatment  and  with  a  poor  re¬ 
sponse  to  chemotherapy.  The  data  are  consistent  with  a  con¬ 
tributory  role  for  MDRl/gpl70  in  the  multidrug  resistance 
in  some  breast  tumors.  [J  Natl  Cancer  Inst  1997;89:917-31] 


Breast  cancer  is  often  considered  to  be  one  of  the  more  che- 
moresponsive  solid  tumors.  Many  structurally  diverse  cytotoxic 
drugs,  when  administered  either  as  single  agents  or  in  combina¬ 
tion,  can  induce  remissions  in  previously  untreated  breast  cancer 
patients  (1).  While  the  overall  response  rate  can  be  high,  the 
duration  of  response  is  relatively  short  (2),  and  most  of  the 
initially  responsive  breast  tumors  acquire  a  multidrug  resistance 
phenotype.  This  phenotype  is  frequently  characterized  by  a 
cross-resistance  to  drugs  to  which  the  tumors  have  not  been 
exposed.  The  development  of  a  multidrug  resistant  phenotype  in 
metastatic  breast  cancer  is  primarily  responsible  for  the  failure  of 
current  treatment  regimens.  The  precise  nature  of  this  phenotype 
remains  unclear.  However,  several  mechanisms  maybe  involved 
and  include  kinetic  resistance  {3,4),  gpl70  (PGP,  P- 
glycoprotein)  expression,  glutathione  transferases  (5,6),  super¬ 
oxide  dismutases  (7),  topoisomerases  (5),  and  the  multidrug  re¬ 
sistance-associated  protein  (MRP)  (9).  These  may  occur 
independently  or  in  combination,  thereby  conferring  resistance 
in  heavily  treated  patients  exposed  to  structurally  and  function¬ 
ally  diverse  agents. 

In  experimental  models,  the  multidrug-resistant  phenotype  is 
often  accompanied  by  the  expression  of  the  MDR1  gene  (also 
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known  as  PGY1)  and/or  its  gpl70  glycoprotein  product  (MDR1/ 
gpl70,  where  MDR1  refers  to  the  gene  and  its  messenger  RNA 
and  gpl70  denotes  the  glycoprotein  gene  product)  (10).  A  170- 
kd  cell  membrane  glycoprotein,  gpl70  appears  to  work  by  ac¬ 
tively  effluxing  substrates  from  cells  (77).  The  glycoprotein  pos¬ 
sesses  two  adenosine  triphosphate  (ATP)-binding  sites  and 
exhibits  significant  ATPase  activity  (72).  The  drug-binding  sites 
are  close  to  gp  170’s  cytosolic  transmembrane  domains  (73),  the 
drugs  apparently  being  removed  from  within  the  membrane  bili¬ 
pid  layer  (14).  Activation  of  gp!70  may  be  regulated  through 
phosphorylation  by  protein  kinases,  e.g.,  protein  kinase  C  (75- 
7  7),  and  its  efflux  function  may  be  affected  by  membrane  lipid 
composition  (18)  and  fluidity  (19-21). 

The  multidrug-resistant  phenotype  conferred  by  gpl70  is 
characterized  by  resistance  to  various  structurally  unrelated  an¬ 
ticancer  agents,  including  the  anthracyclines,  epipodophyllotox- 
ins,  vinca  alkaloids,  and  taxanes  (22).  The  majority  of  the  most 
widely  used  combination  chemotherapy  regimens  for  breast  can¬ 
cer  include  gpl70  substrates  as  either  first-line  or  second-line 
treatments,  most  frequently  in  combination  with  non-gpl70  sub¬ 
strates.  For  example,  doxorubicin  (Adriamycin)  and  vinblastine 
are  gp  170  substrates  and  are  among  the  most  effective  antineo¬ 
plastic  drugs  in  breast  cancer  (22).  Paclitaxel  (Taxol)  when  ad¬ 
ministered  as  a  single  agent  (23)  or  in  combination  with  doxo¬ 
rubicin  also  produces  significant  responses  in  breast  cancer  (24) 
and  is  likely  to  become  more  widely  used  as  an  agent  for  breast 
cancer  treatment. 

The  role  of  MDRl/gpl70  in  human  breast  cancer  remains 
unclear,  partly  because  of  an  apparent  lack  of  a  consensus  on 
whether  MDRl/gpl70  is  expressed  in  breast  tumors.  While  vari¬ 
ous  small  studies  (25-27)  have  readily  detected  MDRl/gpl70 
expression,  one  of  the  largest  single  studies  published  to  date 
(28)  and  several  smaller  studies  (29,30)  have  failed  to  detect  any 
expression  of  MDRl/gpl70  in  breast  tumors.  Even  among  those 
studies  detecting  MDRl/gpl70  expression,  there  has  been  no 
clear  consensus  regarding  its  likely  functional  significance. 

Our  primary  goals  were  to  clarify  the  prevalence  and  clinical 
relevance  of  MDRl/gpl70  expression  in  breast  cancer  and  to 
explore  the  causes  of  heterogeneity  across  the  studies  evaluated. 
We  have  undertaken  a  critical  review  and  meta-analysis  of  the 
published  literature  describing  the  expression  and  potential  func¬ 
tion  of  the  MDR1  gene  and  its  gpl70  product  in  breast  cancer. 
Meta-analysis  has  rarely  been  applied  to  basic  science  research. 
However,  it  may  be  useful  for  translational  studies  of  molecular 
mechanisms  in  cancer,  since  the  rapid  pace  of  basic  research  is 
associated  with  considerable  variation  in  methods,  reagents,  and 
quality-control  measures,  and  such  variation  may  obscure  the 
clinical  relevance  of  a  given  molecule. 

The  specific  questions  that  we  addressed  are  as  follows:  1)  Is 
MDRl/gpl70  expressed  in  breast  tumors  and,  if  so,  what  is  the 
frequency  of  expression?  2)  Is  MDRl/gpl70  expression  associ¬ 
ated  with  cytotoxic  and/or  hormonal  treatment  and,  if  so,  what  is 
the  magnitude  of  this  association?  3)  What  is  the  potential  func¬ 
tional  relevance  of  MDRl/gpl70  expression  in  breast  cancer 
with  respect  to  response  to  chemotherapy  and  predicting  prog¬ 
nosis?  4)  For  each  of  the  above  questions,  if  there  is  a  significant 
lack  of  agreement  among  studies,  what  factors  contribute  to  this 
heterogeneity? 

Both  the  validity  and  the  most  appropriate  methodology  for 


performing  reviews  of  this  type  are  controversial  (37-34).  We 
have  emphasized  objective  quantitative  criteria  in  our  evaluation 
and  have  followed  explicit  guidelines  for  the  conduct  of  meta¬ 
analyses  and  critical  research  reviews  (35-37).  Moreover,  we 
considered  an  assessment  of  the  sources  of  heterogeneity  to  be  a 
goal  of  the  analysis  rather  than  a  preliminary  step. 

The  treatment  and  exposures  of  interest  are  the  systemic 
therapies  administered  to  breast  cancer  patients.  Such  therapies 
include  cytotoxic  chemotherapy,  which  we  considered  in  two 
subsets,  i.e.,  regimens  including  at  least  one  known  gpl70  sub¬ 
strate  and  regimens  not  including  any  known  substrates.  For 
example,  the  CAF  regimen  (cyclophosphamide,  doxorubicin, 
and  fluorouracil)  is  considered  to  be  an  MDRl/gpl70-related 
drug  regimen  because  of  the  presence  of  doxorubicin.  In  con¬ 
trast,  the  CMF  regimen  (cyclophosphamide,  methotrexate,  and 
fluorouracil)  is  considered  to  be  a  non-MDRl/gpl70-related 
drug  regimen.  We  also  have  included  studies  that  utilized  the 
antiestrogen  tamoxifen  (38,39),  which  is  known  to  reverse 
gpl70-mediated  resistance  in  vitro. 

Materials  and  Methods 

Criteria  for  Conducting  the  Review  and  Meta-analysis 

Formal  research  reviews  and  meta-analyses  have  become  increasingly  com¬ 
mon  for  evaluating  large,  often  diverse  bodies  of  research  to  resolve  apparent 
lack  of  agreement  among  the  individual  studies.  These  often  take  the  form  of 
purely  synthetic  exercises,  where  the  individual  study  results  are  combined  in  a 
summary  measure,  without  regard  to  the  appropriateness  of  combining  the  stud¬ 
ies.  Such  analyses  often  also  lack  a  careful  exploration  of  the  reasons  for  dis¬ 
agreement  among  studies.  The  latter  can  often  be  as  important  as  or  more 
important  than  the  summary  measure,  since  the  factors  underlying  disagreement 
may  point  to  informative  patient  subgroups  or  methodologic  issues. 

This  review  and  meta-analysis  focused  not  only  on  quantifying  the  prevalence 
of  MDRl/gpl70  expression  and  its  functional  relevance  in  breast  cancer,  but 
also  on  exploring  sources  of  variation  or  heterogeneity  in  results  across  studies. 
The  appropriate  criteria  for  research  reviews  and  meta-analyses  have  been 
widely  discussed  (37,40-42),  most  recently  in  this  Journal  (43).  The  general 
guidelines  from  these  sources  were  adapted  and  applied  for  the  conduct  of  this 
review  as  follows: 

1)  We  include  a  clear  statement  of  the  specific  purpose(s)  of  the 
review,  with  reference  to  the  population  to  be  generalized,  the 
treatment  or  exposure  of  interest,  and  the  major  outcome(s)  of 
interest  (see  above). 

2)  We  describe  the  sources  and  define  the  methods  of  citation 
searches. 

3)  We  formulated  specific  guidelines,  in  advance,  to  determine 
which  studies  were  to  be  excluded  or  included  and  detail  the  rea¬ 
sons  for  exclusion  or  inclusion. 

4)  We  established,  and  subsequently  applied,  a  consensual  assess¬ 
ment  of  the  validity  of  the  methods  used  in  the  studies  reviewed  and 
provide  a  determination  of  what  conclusions  are  justified  by  these 
methods.  More  than  one  author  was  involved  in  determining  the 
assessment. 

5)  We  integrate  results  of  individual  studies  in  a  quantitative, 
weighted  fashion,  with  consideration  of  data  limitations  and/or  in¬ 
consistencies.  Where  significant  heterogeneity  is  present,  we  at¬ 
tempt  to  determine  its  sources.  This  may  be  more  important  than 
any  summary  measure. 

6)  We  summarize  all  major  or  relevant  findings. 

7)  We  identify  specific  directions  or  considerations  for  new  re¬ 
search  by  identifying  gaps  in  our  present  knowledge. 

8)  We  provide  suggestions  for  the  design  of  future  studies,  particu¬ 
larly  where  this  relates  to  eliminating  confounding  factors  and  iden¬ 
tified  sources  of  heterogeneity. 
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Sources  of  Data  and  Methods  of  Citation  Search 

To  identify  studies  that  evaluated  MDRl/gpl70  expression  in  human  breast 
4  cancers,  we  performed  an  extensive  literature  search  of  the  following  databases: 
Medline  (National  Library  of  Medicine,  National  Institutes  of  Health,  Bethesda, 
MD),  CANCERLIT  (National  Library  of  Medicine),  Current  Contents  (Institute 
for  Scientific  Information,  Philadelphia,  PA),  Current  Advances  in  Cancer  Re¬ 
search  (Current  Awareness  in  Biological  Sciences,  Elsevier  Science  Inc.,  Tar- 
rytown,  NY),  Knowledge  Finder  (Aries  Systems  Corp.,  North  Andover,  MA), 
and  the  Science  Citation  Index  (Institute  for  Scientific  Information).  For  key- 
word-based  Boolean  searches,  we  used  44  different  keywords  that  were  either 
words  or  variations  of  words,  e.g.,  spelling,  punctuation,  and  abbreviation,  which 
represent  the  multidrug  resistance  subject.  We  also  used  the  bibliography  listings 
of  relevant  papers  found  in  the  above  databases  as  leads  for  identifying  addi¬ 
tional  studies. 

Criteria  for  Inclusion  or  Exclusion 

For  studies  to  be  included,  they  had  to  describe  original  research  involving 
measurement  of  MDRl/gpl70  expression  in  human  breast  cancers.  Reviews 
were  excluded.  If  more  than  one  report  described  the  same  data,  we  used  only  the 
latest  report.  To  be  included,  a  published  report  also  must  have  enabled  deter¬ 
mination  of  the  number  of  MDRl/gp  170-positive  and  -negative  tumors.  Since 
amplification  is  often  an  unreliable  indicator  for  gene  expression  and  the  con¬ 
tribution  of  other  relevant  coamplified  genes  cannot  be  assessed  readily  ( 44,45 ), 
studies  based  only  on  amplification  of  the  MDR1  gene  were  not  included.  All 
other  studies,  which  primarily  used  immunologic  detection  of  protein  (western 
blot  or  immunohistochemistry)  and/or  RNA  hybridization  methods  (northern 
blot  or  dot  blot),  were  included.  Study  eligibility  was  determined  independently 
by  all  three  investigators.  When  determining  eligibility,  the  investigators  were 
not  formally  blinded  to  study  results  because  it  was  often  necessary  to  read  the 
results  to  determine  whether  the  number  of  MDRl/gp  170-positive  tumors  was 
given.  However,  the  inclusion  criteria  are  quite  unambiguous,  and  it  is  unlikely 
that  lack  of  blinding  induced  bias  (only  four  papers  were  excluded— see  below). 

Three  studies  {28,46,47)  used  more  than  one  assay  method  to  evaluate  the 
same  group  of  tumor  samples.  These  results  were  included  in  all  analyses  of 
subgroups  of  studies  that  used  a  specific  method.  For  example,  the  report  by 
Merkel  et  al.  {28)  analyzed  many  of  the  same  tumors  by  use  of  both  western  blot 
and  RNA  hybridization  methods  and  was  represented  in  both  the  subgroups  of 
western  blot  and  RNA  hybridization  studies.  (Data  from  the  study  by  Merkel  et 
al.  that  were  based  on  gene  amplification  were  not  included.)  In  analyses  that 
pooled  all  studies,  the  results  obtained  by  Merkel  et  al.  were  represented  by  the 
assay  method  based  on  the  largest  number  of  tumors  (western  blot).  The  results 
obtained  by  Kim  {46),  who  included  the  same  number  of  tumors  for  each  assay 
method,  were  represented  by  the  method  yielding  the  highest  expression  of 
MDRl/gp  170,  i.e.,  immunohistochemistry.  The  study  by  Chevillard  et  al.  {47)  is 
represented  here  among  the  studies  of  immunohistochemistry.  There  were  in¬ 
sufficient  studies  using  the  polymerase  chain  reaction  (PCR)  to  enable  analysis 
of  data  obtained  by  this  methodology. 

Assessment  of  Studies  and  Methods 

Studies  of  MDRl/gpl70  expression  in  breast  cancer  are  essentially  transla¬ 
tional  research.  Thus,  methodologic  considerations  must  be  coupled  with  the 
ability  to  derive  clinical  inferences  from  the  results.  With  this  in  mind,  we  chose 
to  assess  the  methodologic  rigor  and  the  clinical  relevance  of  the  studies  by 
applying  a  series  of  objective  technical  criteria.  These  criteria  were  used  to 
describe  the  studies,  but  a  “quality  score”  was  not  obtained  for  use  as  a  strati¬ 
fication  factor  for  the  meta-analysis.  Such  quality  scores  are  often  confounded 
and  highly  subjective.  Stratification  or  exploration  of  heterogeneity  can  be  better 
accomplished  on  the  basis  of  the  individual  components  of  the  quality  score  (33). 

The  criteria  that  we  used  were  based  on  factors  that  we  deemed  a  priori  to  be 
potential  contributors  to  heterogeneity  and  that  also  comprised  a  set  of  important 
criteria  for  the  conduct  of  this  type  of  translational  research.  The  criteria  included 
the  following: 

I)  Appropriate  consideration  of  statistical  precision,  i.e.,  adequate 
sample  size,  use  of  confidence  intervals  (CIs),  or  consideration  of 
sample  size  in  interpretation  of  results.  Twenty-five  patients  were 
considered  to  be  the  minimum  adequate  sample  size  because  this 
size  would  produce  an  upper  confidence  bound  of  less  than  10%  if 
the  study  found  no  tumors  expressing  MDRl/gp  170. 


2)  Adequate  description  of  tumors  and  treatment,  such  that  MDR1/ 
gp  170-positive  and  -negative  tumors  could  be  classified  according 
to  whether  the  assay  was  performed  on  primary  or  metastatic  tu¬ 
mors  (before  or  after  chemotherapy)  and  according  to  whether 
treatment  included  multidrug-resistant  substrates  (e.g.,  doxorubi¬ 
cin)  or  non-multidrug-resistant  substrates  (e.g.,  cyclophosphamide). 

3)  A  clear  description  of  the  criteria  for  MDRl/gp  170  positivity, 
sufficient  to  allow  comparison  among  studies. 

4)  A  clear  description  of  the  characteristics  of  the  patient  population 
and  criteria  for  accrual. 

5)  The  presence  of  positive  controls  in  the  assay  for  MDRl/gp  170 
expression. 

6)  The  presence  of  negative  controls  in  the  assay  for  MDRl/gp  170 
expression. 

7)  The  use  of  more  than  one  antibody  for  assessing  gpl70  expres¬ 
sion  (immunohistochemistry  studies  only)  and  the  use  of  non-cross¬ 
reacting  antibodies  or  confirmatory  methods  such  as  PCR. 

These  criteria  were  established  in  advance  by  all  three  authors,  who  also  scored 
each  study  independently.  Each  criterion  was  scored  simply  as  (+)  or  (-)  by  each 
assessor. 

Statistical  Methods,  Integration  of  Individual  Studies,  and 
Assessment  of  Heterogeneity 

The  proportion  of  tumors  expressing  MDRl/gp  170  was  calculated  in  each 
study  and  in  subgroups  where  appropriate.  A  95%  Cl  for  the  proportion  was 
calculated  by  use  of  standard  methods  for  the  binomial  distribution.  The  pro¬ 
portions  were  pooled  across  studies  as  the  weighted  average  of  the  proportions 
with  the  use  of  individual  study  sample  sizes  as  weights  {48).  A  chi-squared  test 
for  homogeneity  (x2h0mog)  °f  the  proportions  was  calculated  by  use  of  standard 
methods  for  2  *  C  contingency  tables  {49).  It  should  be  noted,  however,  that  the 
test  for  heterogeneity  may  be  too  sensitive  when  the  number  of  studies  (number 
of  columns  in  the  contingency  table)  is  large. 

To  explore  sources  of  significant  heterogeneity  among  the  studies,  we  exam¬ 
ined  whether  the  proportion  of  MDRl/gp  170-expressing  tumors  exhibited  a 
linear  trend  with  any  characteristics  of  the  individual  studies.  We  applied  a 
weighted  regression  model,  with  the  study-specific  proportion  as  the  dependent 
variable  and  weighted  by  the  sample  size.  This  analysis  was  performed  by  use  of 
the  weighted  regression  option  in  the  procedure  PROC  REG  in  SAS  (Statistical 
Analysis  Systems  Institute  Inc.,  Cary,  NC).  Since  each  “observation”  was  an  av¬ 
erage  over  all  patients  in  a  study,  the  standard  errors  of  the  regression  coefficients 
were  corrected  by  dividing  by  the  square  root  of  the  residual  mean  square  {50). 

We  also  examined  heterogeneity  by  classifying  studies  according  to  potential 
sources  of  heterogeneity  and  recalculating  the  weighted  mean  proportions  and 
X2homog  within  these  subgroups.  To  compare  subgroups  of  studies,  e.g.,  studies 
in  which  MDRl/gp  170  was  measured  before  versus  after  chemotherapy,  we 
calculated  the  weighted  mean  of  the  proportion  expressing  MDRl/gp  170  for 
each  subgroup  of  studies.  The  difference  between  means  was  divided  by  the  stan¬ 
dard  deviation  of  the  difference  to  give  a  z-score  as  described  by  Greenland  (50). 

We  examined  the  potential  association  between  MDRl/gp  170  expression  and 
1)  prognostic  factors,  2)  prior  treatment,  3)  clinical  response  to  chemotherapy, 
and  4)  in  vitro  doxorubicin  resistance.  We  determined  the  relative  risk  (RR)  of 
the  particular  clinical  outcome  in  MDRl/gp  170-positive  versus  -negative  tumors 
for  each  study  and  pooled  the  RRs  across  studies  by  using  a  Mantel-Haenszel 
approach  {51).  Cochran-Mantel-Haenszel  statistics  (52),  as  implemented  in  the 
SAS  subroutine  PROC  FREQ,  were  used  to  test  the  significance  of  the  pooled 
RR.  A  similar  approach  was  used  to  investigate  the  effect  of  chemotherapy  on 
MDRl/gp  170  induction,  but  the  RR  compared  the  probability  of  MDRl/gp  170 
induction  between  patients  with  and  without  prior  chemotherapy  at  the  time  of 
MDRl/gp  170  measurement.  CIs  for  the  pooled  RRs  and  a  x2h0mog  of  RRs  were 
calculated  by  use  of  the  method  of  Breslow  and  Day  {51).  These  analyses  were 
conducted  by  the  procedure  PROC  FREQ  in  SAS.  Since  many  studies  had  small 
cell  sizes  or  cells  with  zero  patients,  we  included  the  continuity  correction  of  0.5 
added  to  each  cell  for  the  calculation  of  RRs.  We  used  pooled  RRs  rather  than 
odds  ratios  because  the  latter  can  overestimate  the  RR  when  the  outcome  being 
considered  occurs  in  more  than  10%  of  the  study  sample  (53).  Since  the  samples 
in  these  studies  were  sampled  in  a  cohort  fashion,  there  is  no  need  to  use  the  odds 
ratio  because  the  RR  provides  a  clearer  indication  of  the  clinical  impact  of 
MDRl/gpl70  expression.  All  P  values  are  two-sided. 
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Results 

-  Results  of  Citation  Search 

Thirty-one  studies  (. 25-30,46,47,54-76)  were  identified  that 
met  the  criteria  for  inclusion  in  the  meta-analysis.  These  in¬ 
cluded  21  studies  (26,46,47,55,57-59,61,62,64-75)  with  MDR1/ 
gpl70  expression  based  on  immunohistochemistry,  eight  studies 
( 27-29,46,54,56,60,63 )  based  on  RNA  hybridization  methods, 
three  studies  (25,28,30)  based  on  immunoblot  (western  blot) 
methods,  and  two  studies  (47,76)  based  on  the  reverse  transcrip- 
tion-PCR.  [Three  studies  (28,46,47)  used  more  than  one 
method.]  One  additional  study  (77)  was  excluded  from  the 
analysis  because  it  used  only  gene  amplification  as  an  indicator 
of  MDRl/gpl70  activity.  Twelve  studies  (30,46,54,56,59,61,64- 
66,70, 72, 75)  measured  MDRl/gpl70  expression  on  tumors  prior 
to  any  chemotherapy  or  hormonal  therapy,  13  studies  (25- 
28,47,55,57,62,63,67,73,74,76)  included  tumor  measurements 
both  before  and  after  treatment,  two  studies  (68,69)  had  only 
post-treatment  tumor  measurements,  and  in  four  studies 
(29,58,60, 71)  the  authors  did  not  indicate  the  timing  of  the  assay 
with  respect  to  treatment.  In  addition  to  the  studies  that  met  the 


inclusion  criteria,  four  published  reports  identified  by  the  search 
were  excluded  for  the  following  reasons:  Only  gene  amplifica¬ 
tion  was  used  as  an  indicator  of  MDR1  activity  (77),  results  for 
breast  tumors  could  not  be  separated  from  those  for  all  tumors  (78), 
no  samples  from  breast  cancers  were  tested  (79),  and  the  report 
described  earlier  results  that  are  included  in  a  later  report  (80). 

Assessment  of  Methodologic  Rigor  of  Studies 

Table  1  lists  the  degree  to  which  the  individual  studies  com¬ 
plied  with  the  criteria  for  methodologic  rigor.  Only  two  of  the 
criteria,  i.e.,  a  definition  of  MDRl/gpl70  positivity  and  the  use 
of  positive  and  negative  controls,  were  met  by  nearly  all  studies. 
For  each  of  the  other  four  criteria,  there  were  many  studies  that 
did  not  adhere  to  at  least  one  criterion.  Thirty-five  percent  of  the 
studies  had  a  sample  size  of  fewer  than  25  patients.  None  of 
these  1 1  studies  (26,29,30,46,54,55,58,59,61,74,76)  used  CIs  to 
indicate  the  degree  of  uncertainty  in  their  data,  and  they  did  not 
discuss  the  possible  influence  of  sample  size  on  their  results. 
Because  small  samples  produce  relatively  imprecise  estimates  of 
the  prevalence  of  MDRl/gpl70  expression  and  its  association 
with  clinical  parameters,  sample  size  may  contribute  to  hetero- 


Table  1.  Methodologic  and  clinical  criteria  for  studies  of  MDRl/gpl70  expression  in  human  breast  cancer* 

Criteria 


Authors,  year  of  publication 
(reference  No.) 


Sample  Description  Definition  of  Description  -  Adequacy  of 

size  of  tumor,  treatmentf  MDR  1/gp  170  positivity  %  of  patient  base  §  Positive  Negative  antibody  methods[| 


Goldstein  et  al.,  1989  (27) 

Kacinski  et  al.,  1989  (54) 

Merkel  et  al.,  1989  (28) 

Moscow  et  al.,  1989  (29) 

Ronchi  et  al.,  1989  (30) 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

- 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

NA 

NA 

NA 

NA 

+ 

(+) 

NA 

Schneider  et  al.,  1989  (55) 

- 

+ 

+ 

Salmon  et  al.,  1989  (26) 

Keith  et  al.,  1990  (56) 

Ro  et  al.,  1990  (57) 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

4- 

+ 

+ 

4- 

+ 

+ 

+ 

NA 

+ 

NA 

Wishart  et  al.,  1990  (66) 

Sugawara,  1990  (59) 

+ 

+ 

+ 

'  + 

+ 

+  . 

Kim,  1990  (46) 

Cordon-Cardo  et  al.,  1990  (58) 
Wallner  et  al.,  1991  (60) 

Verrelle  et  al.,  1991  (61) 

+ 

+ 

+ 

+ 

+ 

+ 

- 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

4- 

+ 

NA 

+ 

4- 

NA 

Sanfilippo  et  al.,  1991  (25) 

+ 

- 

+ 

_ 

4- 

4- 

Dixon  et  al.,  1992  (68) 

+ 

_ 

+ 

4_ 

T 

Koh  et  al.,  1992  (62) 

+ 

+ 

+ 

i 

4- 

+ 

+ 

Hennequin  et  al.,  1993  (63) 

Botti  et  al.,  1993  (69) 

+ 

+ 

+ 

+ 

+ 

+ 

- 

+ 

-f 

+ 

4. 

+ 

NA 

NA 

Schneider  et  al.,  1994  (9) 

Veneroni  et  al.,  1994  (64) 

+ 

+ 

+ 

+ 

+ 

- 

+ 

4. 

+ 

+ 

+ 

Charpin  et  al.,  1994  (65) 

+ 

-f 

+ 

+ 

4. 

“ 

Keen  et  al.,  1994  (67) 

+ 

_ 

+ 

"T 

(+) 

Schneider  and  Romero,  1995  (75) 

+ 

+ 

+ 

+ 

+ 

4. 

Seymour  et  al.,  1995  (73) 

+ 

+ 

+ 

4- 

4. 

Linn  et  al.,  1995  (71) 

Decker  et  al.,  1995  (74) 

Luowen  et  al.,  1995  (72) 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

4- 

+ 

+ 

+ 

+ 

+ 

+ 

Chevillard  et  al.,  1996  (47) 
O’Driscoll  et  al.,  1996  (76) 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

I 

+ 

+ 

+ 

NA 

+ 

NA 

*+  criterion  present;  —  criterion  absent;  (+)  —  criterion  partially  achieved;  NA  =  not  applicable. 

fThis  criterion  addresses  whether  MDRl/gpl70  expression  could  be  classified  as  to  primary  versus  metastatic  tumor,  treated  versus  untreated 
treatments  that  are  or  are  not  g!70  substrates. 


patients,  and 


tThis  criterion  addresses  whether  the  description  is  sufficient  to  allow  comparison  of  MDRl/gpl70  positivity  among  studies. 

§The  first  rating  concerns  the  description  of  how  samples  were  accrued;  i.e.,  is  it  sufficient  to  assess  the  likely  sources  of  bias?  The  second  rating  concerns  the 
description  of  characteristics  of  the  study  population;  i.e.,  can  individual  characteristics  be  related  to  multidrug  resistance? 

I  [Refers  to  whether  studies  based  on  antibody  methods  were  likely  to  have  guarded  against  artifacts  by  (first  column)  use  of  more  than  one  antibody  (indicated 
by  +)  or  (second  column)  by  use  of  non-cross-reacting  antibodies  or  other  confirmatory  methods  (indicated  by  +). 
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geneity.  Thirty-two  percent  of  the  studies  did  not  provide  a 
sufficient  description  to  determine  whether  tumor  samples  came 
from  primary  or  metastatic  tumors  or  from  treated  or  untreated 
*  patients  and  the  type  of  treatment(s)  used,  or  they  did  not  use 
treatments  known  to  be  gpl70  substrates.  As  a  result,  it  is  dif¬ 
ficult  to  interpret  the  observed  prevalence  of  MDRl/gpl70  ex¬ 
pression.  Most  studies  did  not  adequately  describe  the  patient 
base  or  accrual  procedure.  This  information  is  important  for 
determining  the  representativeness  of  patients  in  an  individual 
study  and  the  ability  to  generalize  study  results.  It  also  allows  the 
reader  to  determine  a  study’s  susceptibility  to  various  forms  of 
bias  (e.g.,  size  bias,  defined  as  bias  toward  larger  tumors  that 
allow  multiple  sampling). 

Fourteen  studies  (46,55,57,59,61,62,64,65,67-69,72,73,75)  of 
the  21  (67%)  studies  based  on  immunohistochemical  detection 
of  gpl70  and  all  three  studies  (25,28,30)  using  the  western  blot 
technique  used  only  one  antibody  (Table  1),  despite  the  com¬ 
mercial  availability  of  several  antibodies  with  nonoverlapping 
epitopes  (81-84).  Unfortunately,  several  of  the  antibodies  used 
in  isolation  have  well-defined  cross-reactivity  with  proteins 
other  than  gpl70.  For  example,  both  JSB-1  (85)  and  C494  (86) 
cross-react  with  pyruvate  carboxylase.  The  C219  monoclonal 


antibody  recognizes  MDR3,  a  member  of  the  same  gene  family 
that  is  not  involved  in  drug  resistance  (87).  This  antibody  also 
cross-reacts  with  the  heavy  chain  of  muscle  myosin  (84\  and 
myofibroblasts  are  a  major  component  of  the  desmoplastic  re¬ 
sponse  to  breast  cancer  (88).  Thus,  there  may  be  a  tendency  for 
an  increased  frequency  of  false-positive  results  in  some  single¬ 
antibody  studies,  where  the  adequacy  of  the  negative  controls 
becomes  critical  for  assessing  the  likely  validity  of  gpl70  esti¬ 
mates. 

Proportion  of  MDRl/gpl70-Positive  Tumors 

Panels  A  and  B  of  Fig.  1  show  the  proportion  of  MDR1/ 
gp  17 0-positive  tumors  and  the  associated  95%  CIs  for  studies 
with  MDRl/gpl70  measured  before  or  after  treatment,  respec¬ 
tively.  Expression  varies  considerably  across  studies;  this  varia¬ 
tion  is  apparent  regardless  of  whether  the  tumor  material  was 
assayed  before  or  after  chemotherapy.  Some  potential  sources  of 
heterogeneity  are  indicated  by  stratifying  the  studies  according 
to  the  type  of  assay  method  (Fig.  1,  A)  or  the  type  of  treatment 
received  (Fig.  1,  B).  Fig.  1,  A,  shows  that  most  of  the  studies  that 
found  no  expression  of  MDRl/gpl70  were  based  on  western 
blot  or  RNA  hybridization  methods.  Only  one  immunohisto- 
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Fig.  1.  A)  MDRI/gpl 70  expression  measured  in  breast  cancer  before  treat¬ 
ment.  Data  represent  the  proportion  of  MDRI/gpl  70-positive  tumors  and  the 
associated  95%  confidence  interval.  Studies  are  grouped  according  to  the 
method  used  for  MDRI/gpl 70  detection.  IHC  =  immunohistochemistry; 
RT-PCR  =  reverse  transcription-polymerase  chain  reaction.  *  =  tumors  in 
these  studies  were  assumed  to  be  from  previously  untreated  patients,  but  the 
description  in  the  published  reports  did  not  allow  this  to  be  determined  with 
certainty.  B)  MDRI/gpl 70  expression  measured  in  breast  cancer  after  cyto¬ 
toxic  or  hormonal  therapy.  Data  represent  the  proportion  of  MDRI/gpl  70- 
positive  tumors  and  the  associated  95%  confidence  interval.  Studies  are 
grouped  according  to  whether  patients  have  been  treated  or  not  treated  with 
anticancer  drugs  that  are  gpl70  substrates. 
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chemistry  study  (58)  found  no  immunore activity  (based  on  only 
eight  breast  tumors),  but  this  study  reported  some  staining  of 
“apparently  normal  parenchymal”  cells  in  some  specimens. 

Based  on  the  weighted  average  over  all  31  studies  listed  in 
Table  1,  the  percentage  of  tumors  expressing  MDRl/gpl70  was 
41.2%  (95%  Cl  =  36.0%-46.5%).  However,  the  proportions 
were  highly  variable  across  individual  studies  (P<.0001).  These 
studies  were  performed  over  an  8-year  period  (1989-1996).  To 
evaluate  whether  potential  sources  of  heterogeneity  may  have 
changed  over  time,  we  performed  a  weighted  linear  regression  of 
the  proportion  of  MDRl/gp  170-positive  tumors  in  each  study 
against  the  calendar  year  when  the  study  was  published.  Table  2 
shows  a  highly  significant  trend  with  time,  there  being  a  slope 
coefficient  of  0.040,  with  z  =  3.52  (P  =  .0005).  This  trend 
indicates  that,  on  average,  there  was  an  increase  of  about  4.0% 
per  year  in  the  reported  detection  of  MDRl/gpl70  expression  in 
breast  tumors. 

There  was  a  shift  away  from  RNA  hybridization  methods 
toward  immunohistochemical  methods  over  this  time,  so  we 
stratified  the  studies  according  to  whether  they  used  RNA  hy¬ 
bridization  or  immunohistochemical  methods  and  conducted 
separate  regressions  within  each  group  of  studies.  (No  regression 
was  conducted  for  the  western  blot  studies  because  there  were 
only  three  such  studies.)  Within  groups  of  studies  using  either 
RNA  hybridization  or  immunohistochemical  methods,  no  trend 
of  MDRl/gpl70  expression  with  time  was  evident  (Table  2). 
Thus,  a  significant  degree  of  variability  among  the  studies  ap¬ 
pears  to  be  due  to  the  shift  over  time  from  RNA  hybridization 
methods  (primarily  northern  blot  hybridizations)  to  the  more 
sensitive  immunohistochemical  methodologies. 

We  next  examined  heterogeneity  separately  within  both  the 
RNA  hybridization  and  immunohistochemistry  studies.  The  av¬ 
erage  percentage  of  tumors  expressing  MDRl/gpl70  was  27.1% 


Table  2.  Regression  of  proportion  of  tumors  expressing  MDRl/gp  170  on  year 
in  which  the  study  was  conducted  (expressed  as  year  -  1900) 


Regression 

Corrected 

Studies 

coefficient 

standard  error 

z-statistic 

P* 

All  studies!  (n  -  31) 

0.040 

0.011 

3.52 

.0005 

Immunohistochemistry 

0.004 

0.017 

0.23 

.82 

studies  (n  -  21) 

RNA  hybridization 

0.019 

0.044 

0.43 

.67 

studies  (n  =  8) 

■“Two-sided. 

tlncludes  two  studies  based  only  on  western  blot  methods  (25,30)  and  one 
study  that  used  both  western  blot  and  RNA  hybridization  methods  (28). 


(95%  Cl  =  15.4%-38. 6%)  for  studies  using  RNA  hybridization 
methods  and  48.5%  (95%  Cl  =  42.0%-55.0%)  for  immunohis¬ 
tochemistry  studies.  However,  even  within  these  subgroups, 
there  was  still  significant  heterogeneity  (Pc.0001  for  both  RNA 
hybridization  and  immunohistochemistry  studies). 

We  further  stratified  these  subgroups  according  to  whether 
MDRl/gpl70  had  been  measured  before  or  after  chemotherapy 
or  hormonal  therapy.  The  difference  between  values  before  and 
after  chemotherapy  or  hormonal  therapy  was  relatively  small  for 
both  immunohistochemistry  and  RNA  hybridization  studies,  and 
significant  heterogeneity  still  existed  within  these  subgroups 
(Table  3).  Among  studies  of  values  after  chemotherapy  or  hor¬ 
monal  therapy,  we  compared  MDRl/gpl70  expression  among 
tumors  from  patients  treated  with  and  without  drugs  associated 
with  the  multidrug-resistant  phenotype  (data  not  shown).  As 
expected,  MDRl/gp  170  expression  was  higher  for  patients 
treated  with  MDRl/gpl70-related  drugs,  with  an  average  of 
57.2%  of  tumors  being  positive.  However,  a  sizable  percentage 
(44.6%)  of  patients  treated  with  non-MDRl/gpl70-related  drugs 
also  expressed  MDRl/gpl70.  The  studies  of  MDRl/gpl70- 
related  and  non-MDRl/gpl70-related  drugs  exhibited  margin¬ 
ally  significant  heterogeneity  (P  =  .052  and  P  =  .054,  respec¬ 
tively). 

Associations  With  Clinical  Parameters 

It  has  been  suggested  that  the  expression  of  MDRl/gpl70  is 
more  likely  to  be  a  surrogate  marker  for  a  worse  prognosis  than 
an  indicator  of  potential  response  to  cytotoxic  chemotherapy 
(89).  To  address  the  clinical  relevance  of  MDRl/gpl70  expres¬ 
sion,  we  considered  the  evidence  linking  it  to  various  clinical 
parameters,  including  induction  by  cytotoxic  or  hormonal  treat¬ 
ment  and  association  with  1)  established  prognostic  attributes,  2) 
response  to  chemotherapy,  3)  recurrence  and  survival,  and  4)  in 
vitro  doxorubicin  resistance. 

Induction  of  MDRl/gpl70  expression.  The  effect  of  che¬ 
motherapy  on  induction  of  MDRl/gp  170  expression  is  shown  in 
Table  4.  This  analysis  was  performed  by  comparing  the  propor¬ 
tion  of  patients  whose  tumors  expressed  MDRl/gp  170  before 
chemotherapy  with  that  of  patients  whose  tumors  expressed 
MDRl/gpl70  after  chemotherapy.  We  used  only  studies  that 
provided  both  pretreatment  and  post-treatment  data,  although 
most  were  not  consecutive  measurements  on  the  same  patients. 
In  the  13  studies  meeting  this  criterion  (25-28,47,55, 
57,62,63,67,73,74,76 ),  treatment  with  cytotoxic  or  hormonal 
agents  was  associated  with  a  significant  increase  in  the  propor¬ 
tion  of  tumors  expressing  MDRl/gpl70  (RR  =  1.77  [95%  Cl  = 
1.46-2.15];  P<.0001).  Unlike  the  analysis  performed  on  all  stud- 


Table  3.  Pooled  proportion  of  tumors  expressing  MDRl/gp  170,  according  to  timing  of  assay  with  respect  to  treatment  (pretreatment  versus  post-treatment),  and 

assay  method  (immunohistochemistry  based  versus  RNA  hybridization  based) 


Test  of  homogeneity 


(No.  of  studies) 

Assay 

No.  of  patients 

Pooled  proportion 

x2  (df) 

Pt 

Pretreatment  (17) 

Immunohistochemistry 

661 

0.458 

<  nm 

Pretreatment  (8) 

RNA  hybridization 

0.274 

Mil 

— M 

Post-treatment  (10) 

Immunohistochemistry 

279 

0.520 

mmmmm 

Post-treatment  (3) 

RNA  hybridization 

22 

0.227 

steBM  ifl. . . 

;  iii 

*df  =  degrees  of  freedom  for  the  test  of  homogeneity. 
fTwo-sided. 
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Table  4.  MDRl/gpl70  expression  in  association  with  cytotoxic  therapy* 


No.  of  studies 

Summary: 

RR 

Test  for  homogeneity 

Type  of  treatment 

(No.  of  patients) 

RR  (95%  Cl) 

P  valuet 

x2  (df)  n 

All  cytotoxic  drugs 

13  (726) 

1.77(1.46-2.15) 

<.0001 

20.22  (12)  .056 

MDRl/gp  170-related  drugs  only 

10  (499) 

1.99  (1.56-2.54) 

<.0001 

12.81  (9)  .19 

*RR  =  relative  risk,  i.e.,  the  probability  of  MDRl/gp  170-positive  tumor  in  patients  treated  with  cytotoxic  therapy  versus  untreated  patients;  Cl  =  confidence 
interval;  df  =  degrees  of  freedom  for  the  test  of  homogeneity. 
tTwo-sided. 


ies,  there  was  only  marginally  significant  heterogeneity  in  this 
subgroup  (P  =  .056).  When  we  excluded  the  three  studies  that 
used  drugs  not  commonly  related  to  MDRl/gpl70  (27,67,76), 
the  effect  was  somewhat  stronger  (RR  =  1.99  [95%  Cl  = 
1.56-2.54];  Pc.OOOl),  and  there  was  no  significant  heterogeneity 
(P  =  .19).  The  results  were  unchanged  when  we  repeated  the 
analyses  by  reclassifying  as  negative  those  tumors  exhibiting 
weakly  positive  expression  (25,55,57). 

Association  with  prognostic  attributes.  Only  11  studies 
(54,57,60,61,63,65,69,70,73-75)  included  data  associating 
MDRl/gpl70  expression  with  one  or  more  known  prognostic 
attributes,  including  lymph  node  status  at  diagnosis,  tumor  size, 
tumor  histology,  tumor  grade,  and  estrogen  receptor  status.  We 
considered  only  attributes  examined  in  three  or  more  studies. 
Table  5  shows  that  none  of  these  attributes  were  significantly 
associated  with  MDRl/gpl70  expression.  This  result  suggests 
that  MDRl/gpl70  expression  is  not  acting  as  a  surrogate  for 
another  prognostic  factor  in  its  ability  to  predict  outcome  or 
response  to  chemotherapy. 

Association  with  response  to  chemotherapy.  Since  studies 
provided  different  levels  of  detail  about  clinical  response,  we 
considered  all  studies  in  which  it  was  possible  to  determine  the 
number  of  patients  who  exhibited  at  least  a  clinical  partial  re¬ 
sponse,  i.e.,  either  partial  response  (PR)  or  complete  response 
(CR).  These  responses  were  defined  according  to  widely  ac¬ 
cepted  usage,  where  CR  indicates  complete  disappearance  of  the 
tumor,  while  PR  indicates  a  greater  than  50%  reduction  in  the 
largest  diameter  of  the  tumor.  There  were  nine  studies  in  which 
these  data  could  be  determined  (47,57,61-64,68,69,74).  An  ad¬ 
ditional  three  studies  either  did  not  permit  classification  of  the 
responses  of  patients  into  CR/PR  versus  less  than  PR  (46,67)  or 
did  not  permit  the  association  between  MDRl/gpl70  positivity 
versus  negativity  (73). 

Table  6  shows  that  patients  whose  tumors  expressed  MDR1/ 
gpl70  were  3.21  times  more  likely  to  exhibit  a  worse  than  PR 


than  patients  whose  tumors  did  not  express  MDRl/gpl70 
(P<.0001).  There  was  no  evidence  of  significant  heterogeneity 
among  these  studies  (P  =  .27).  Excluding  the  single  study  using 
treatment  with  non-MDRl/gpl70-related  drugs  did  not  signifi¬ 
cantly  change  the  association.  Furthermore,  the  association  be¬ 
tween  MDRl/gpl70  expression  and  clinical  response  became 
stronger  when  the  studies  were  restricted  to  those  in  which  ex¬ 
pression  was  measured  after  any  treatment  (RR  =  4.19  [95%  Cl 
=  2.71-6.47];  P<.0001)  or  after  treatment  with  MDRl/gpl70- 
related  drugs  (RR  =  3.87  [95%  Cl  =  2.44-6.14];  Pc.0001) 
(Table  6).  This  is  consistent  with  the  ability  of  MDRl/gpl70- 
related  drugs  to  induce  MDRl/gpl70  expression  and  the  ability 
of  this  induced  expression  to  confer  cross-resistance  among  clas¬ 
sical  substrates  for  gpl70  but  not  for  other  drugs  (10,90-92). 
When  we  repeated  the  analyses  by  reclassifying  as  negative 
those  tumors  exhibiting  weak  positive  expression  (61, 69, 74),  the 
results  were  unchanged. 

An  important  clinical  concern  is  whether  the  expression  of 
MDRl/gpl70  before  initial  chemotherapy  will  predict  response. 
Only  five  studies  (47,57,61,64,74),  with  a  total  of  115  patients, 
measured  expression  before  treatment  in  patients  evaluated  for 
response  to  subsequent  chemotherapy.  When  combined  (x2homog 
=  1.98;  P  =  .74),  these  studies  indicate  a  suggestive,  but 
not  statistically  significant,  association  between  MDRl/gpl70 
expression  prior  to  treatment  and  a  worse  than  partial  clini¬ 
cal  response  to  cytotoxic  regimens  containing  gpl70  sub- 
strates  (RR  =  1.47  [95%  Cl  =  0.94-2.29];  X2homog  =  2.91; 
P  =  .088). 

Association  with  recurrence  and  survival.  Eight  studies 
(61,63,69,71-75)  associated  MDRl/gpl70  expression  with  ei¬ 
ther  recurrence-free  survival  or  overall  survival.  Unfortunately, 
conducting  any  formal  statistical  evaluation  of  the  combined 
studies  was  not  possible  because  the  necessary  data  were  in¬ 
cluded  in  only  two  studies  that  evaluated  recurrence-free  sur¬ 
vival  (63, 69)  and  in  three  studies  that  evaluated  overall  survival 


Table  5.  Associations  between  MDRl/gp  170  expression  and  breast  cancer  prognostic  factors* 


Prognostic  factor 

No.  of  studies 
(No.  of  patients) 

Summary: 

RR  (95%  Cl) 

RR  P  valuef 

Test  for  homogeneity 

X2  (df) 

Pt 

Positive  lymph  nodes:  yes  versus  no 

9  (255) 

1.08  (0.89-1.32) 

.43 

0.52  (8) 

.99 

Estrogen  receptor  status:  negative  versus  positive 

5  (426) 

1.08  (0.84-1.39) 

.57 

4.56  (4) 

.35 

Tumor  size:  T3/T4  versus  T1/T2 

7(184) 

0.92  (0.75-1.13) 

.44 

1.63  (6) 

.98 

Histology:  ductal  versus  lobular 

5(176) 

0.96  (0.86-1.06) 

.42 

0.04  (4) 

.99 

Tumor  grade:  grade  3  versus  grade  <3 

3(58) 

1.74  (0.65-4.64) 

.27 

1.56(2) 

.47 

*RR  =  relative  risk,  i.e.,  the  risk  of  adverse  prognostic  factor  category  among  those  patients  with  MDRl/gp  170-positive  versus  MDRl/gp  170-negative  tumors; 
Cl  =  confidence  interval;  df  =  degrees  of  freedom  for  the  test  of  homogeneity.  See  ( 120,121 )  for  staging  and  grading  systems  used  for  the  tumors. 
tTwo-sided. 
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Table  6.  Association  between  MDRl/gpl70  expression  and  failure  to  respond  (i.e.,  less  than  a  clinical  partial  response)  to  cytotoxic  drugs* 


No.  of  studies 

Summary: 

RR  (95%  Cl) 

Test  for  homogeneity 

Type  of  treatment 

(No.  of  patients) 

RR  P  valuef 

X2(df) 

P\ 

All  cytotoxic  agents,  pretreatment  or  post-treatment 
MDRl/gp  170  expression  measurements 

9  (260) 

3.21  (2.28-4.51) 

<.0001 

10.0  (8) 

21 

MDRl/gp  170-related  drugs,  pretreatment  or  post¬ 
treatment  MDRl/gp  170  expression  measurements 

8(215) 

2.97  (2.08-4.25) 

<.0001 

9.18(7) 

.24 

All  cytotoxic  agents,  post-treatment  MDRl/gp  170 
expression  measurement 

7(193) 

4.19(2.71-6.47) 

<.0001 

7.64  (6) 

.27 

MDRl/gpl70-related  drugs,  post-treatment 

MDRl/gp  170  expression  measurement 

6(135) 

3.87  (2.44-6.14) 

<.0001 

7.41  (5) 

.21 

*RR  =  relative  risk,  i.e.,  the  risk  of  less  than  a  clinical  partial  response  to  chemotherapy  among  those  patients  with  MDRl/gp  170-positive  versus  MDRl/gpl70- 
negative  tumors;  Cl  -  confidence  interval;  df  =  degrees  of  freedom  for  the  test  of  homogeneity. 
fTwo-sided. 


{63,74,75).  However,  of  the  four  studies  that  associated  MDR1/ 
gpl70  expression  with  recurrence-free  survival,  two  (61,69) 
found  reduced  survival  associated  with  expression,  whereas  the 
other  two  (63,71)  did  not.  Similarly,  three  studies  ( 71,72,75 ) 
found  that  expression  was  associated  with  a  significant  reduction 
in  overall  survival,  whereas  three  other  studies  (63, 73, 74)  did 
not.  Only  two  studies  (71,72)  used  multivariable  analysis  to 
control  for  other  major  prognostic  factors,  although  both  studies 
observed  significant  survival  decrements  even  in  univariate 
analyses. 

Association  with  in  vitro  doxorubicin  resistance.  Three 
studies  (25,26,64),  with  a  total  of  93  patients,  examined  the 
association  between  MDRl/gpl70  expression  and  resistance  to 
doxorubicin  using  an  in  vitro  clonogenic  assay  on  cells  from 
patients’  tumors.  Patients  whose  tumors  expressed  MDRl/gpl70 
were  2.5  times  more  likely  to  exhibit  in  vitro  resistance  to  doxo¬ 
rubicin  (RR  =  2.50;  95%  Cl  =  1.77-3.52)  (P<.000l).  There 
was  no  evidence  of  significant  heterogeneity  in  this  group  of 
studies  (x2homog  =  4.15  t2  degrees  of  freedom];  P  =  .14).  These 
studies  indicate  that  some  breast  tumor  cell  subpopulations  ex¬ 
press  sufficient  levels  of  MDRl/gpl70  to  confer  a  functional 
level  of  in  vitro  drug  resistance. 

Discussion 

The  considerable  variability  across  studies  of  MDRl/gpl70 
expression  explains  the  controversy  regarding  the  presence  of 
this  expression  and  its  relevance  in  breast  cancer.  A  cursory 
evaluation  of  this  literature  could  lead  to  apparently  equally 
justifiable  support  for  quite  divergent  opinions.  For  example,  it 
could  be  argued  and  supported  by  several  citations  either  that 
MDRl/gpl70  expression  is  rarely  detected  in  breast  cancer  and 
has  no  clinical  relevance  or  that  expression  is  widely  detected 
and  may  have  considerable  clinical  relevance.  With  such  vari¬ 
ability  across  many  independent  studies,  a  careful  review  and 
meta-analysis  can  provide  a  critical  and  objective  approach  to 
the  body  of  research. 

Purpose  and  Interpretation  of  Meta-analyses 

In  its  simplest  form,  meta-analysis  is  a  systematic  approach  to 
combining,  in  a  quantitative  fashion,  the  results  of  related  stud¬ 
ies.  The  approach  and  its  justification  are  conceptually  similar  to 
those  used  in  either  multicenter  studies  or  studies  with  a  large 
number  of  potentially  relevant  subgroups  or  strata.  Combining 
the  results  of  individual  studies  is  performed  in  a  manner  similar 


to  that  of  combining  the  results  across  strata  in  a  single  large 
study.  However,  the  validity  of  such  data  pooling  and  the  gen¬ 
eration  of  a  summary  statistic  require  that  the  studies  be  suffi¬ 
ciently  alike  in  the  association  being  measured.  Thus,  both  the 
study  population  and  methods  should  be  sufficiently  similar  that 
it  is  reasonable  to  consider  all  the  studies  as  if  they  had  been 
generated  as  subgroups  of  a  single  large  study.  This  is  rarely  the 
case,  or  there  would  be  little  controversy  with  regard  to  the 
overall  inference  from  the  studies  and  there  would  be  little  need 
to  conduct  a  meta-analysis  (55). 

As  occurred  with  the  MDRl/gpl70  analyses,  groups  of  stud¬ 
ies  typically  exhibit  meaningful  variability,  and  the  search  for 
the  source  of  the  variability  is  important.  This  search  may  also 
identify  subgroups  of  studies  that  are  sufficiently  alike  to  make 
data  pooling  appropriate.  For  example,  this  meta-analysis 
showed  that  significant  heterogeneity  in  the  proportion  of  tu¬ 
mors  expressing  MDRl/gpl70  could  be  attributed  to  differences 
in  types  of  assays  (immunohistochemistry  based  versus  RNA 
hybridization  based),  complicating  meaningful  interpretation  of 
a  summary  measure  of  this  proportion. 

Where  subgroups  of  studies  are  chosen  on  a  rational  and 
predefined  basis  and  the  data  from  the  integrated  studies  do  not 
exhibit  significant  heterogeneity,  meaningful  associations 
among  variables  can  be  identified.  For  example,  all  nine  of  the 
studies  that  contain  information  on  MDRl/gpl70  expression  and 
response  to  chemotherapy  ( 47,57,61-64,68,69,73 )  can  be  validly 
combined  and  explored  because  there  is  no  significant  hetero- 
geneity  (Table  6;  x2h0mog  =  10.0;  P  =  .27). 

One  concern  in  the  conduct  of  any  meta-analysis  is  publica¬ 
tion  bias,  i.e.,  the  tendency  for  studies  reporting  “negative” 
results  to  be  underrepresented  in  the  literature.  Fig.  2  shows  a 
“funnel  plot,”  where  the  proportion  of  MDRl/gp  170-positive 
tumors  in  each  study  is  plotted  against  the  sample  size  (as  an 
indicator  of  standard  error).  In  the  absence  of  publication  bias, 
such  a  plot  should  resemble  a  funnel  lying  on  its  side  with  the 
narrow  end  pointing  to  the  right,  with  study  results  scattered 
around  an  expected  “true”  value  and  the  degree  of  scatter  de¬ 
creasing  with  sample  size.  Publication  bias  would  be  suggested 
by  a  lack  of  small  “negative”  studies,  i.e.,  studies  with  zero  or 
low  percentages  of  tumors  expressing  MDRl/gpl70  (93).  Fig.  2 
shows  no  apparent  bias  against  negative  studies,  since  six  studies 
( 28-30,58,59,63 )  demonstrated  expression  in  10%  or  less  of  tu¬ 
mors,  and  four  of  these  studies  (29,30,58,59)  had  20  patients  or 
fewer. 
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Fig.  2.  Funnel  plot  evaluation  of  publication  bias  in  studies  of  MDRl/gpl70  expression  and 
breast  cancer.  Data  represent  the  proportion  of  MDRl/gp  170-positive  tumors  (from  untreated 
plus  treated  patients)  in  each  study,  plotted  against  the  study  sample  size. 


Frequent  but  Heterogeneous  Expression  of  MDRl/gpl70 
in  Breast  Cancer 

Northern  and  western  blot  hybridization  techniques  suffer 
from  the  possible  loss  of  the  signal  by  dilution  from  surrounding 
MDRl/gp  170-negative  tissues.  This  result  may  account  for  the 
generally  lower  estimates  of  positivity  in  the  studies  using  these 
techniques  when  compared  with  immunohistochemistry.  For 
many  years,  the  single  largest  study  in  breast  cancer  provided  the 
most  compelling  evidence  for  a  lack  of  expression  and,  there¬ 
fore,  of  any  functional  role  of  MDRl/gpl70  in  breast  cancer 
(28).  Merkel  et  al.  (28)  acknowledge  that  their  analysis,  which 
utilized  northern,  Southern,  and  western  blotting  analyses  of 
homogenates  of  breast  tumor  tissues,  may  be  too  insensitive  to 
adequately  quantitate  MDRl/gpl70  expression.  This  may  be  the 
most  likely  explanation  for  the  lack  of  detectable  MDRl/gpl70 
expression  in  breast  tumors  in  their  study,  since  expression  has 
been  readily  detected  in  more  recent  studies  of  comparable  size 
(65,71,73). 

As  the  results  of  our  analysis  indicate,  the  increase  over  time 
in  the  use  of  more  sensitive  immunohistochemistry-based  assays 
has  been  accompanied  by  an  increase  in  the  reported  prevalence 
of  MDRl/gp  170  expression.  An  inability  to  detect  gene  expres¬ 
sion  by  use  of  earlier  RNA  hybridization  or  immunoblot  assay 
techniques  is  not  surprising,  given  the  generally  heterogeneous 
and  low  levels  of  expression  now  apparent  in  many  breast  tu¬ 
mors  (62,66,73).  Immunoblotting  has  recently  been  recom¬ 
mended  as  one  means  to  detect  MDRl/gpl70  expression  in  tu¬ 
mors  (94).  However,  it  is  apparent  from  our  study  that  this 
approach  is  inappropriate  for  analysis  of  the  relatively  low  levels 
of  MDRl/gpl70  expression  in  breast  tumors. 

While  one  source  of  heterogeneity  arises  from  the  use  of 
different  assays  for  MDRl/gpl70  expression,  significant  hetero¬ 
geneity  remains  when  studies  using  similar  assay  techniques  are 
combined.  This  applies  to  both  RNA  hybridization  and  immu- 
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nohistochemical  analyses.  There  are  clearly  many 
other  sources  of  heterogeneity  (e.g.,  differences  in  pa¬ 
tient  populations  resulting  from  patient  selection  cri¬ 
teria;  whether  there  has  been  prior  treatment,  the  na¬ 
ture  of  the  treatment,  and  whether  it  includes  gpl70 
substrates;  the  timing  of  sampling  relative  to  diagnosis 
and  treatment;  the  use  of  primary  versus  metastatic 
tumor  tissue;  and  sampling  artifacts  reflecting  hetero¬ 
geneous  expression  within  the  tissue).  Additional 
sources  of  heterogeneity  specific  to  different  types  of 
assays  include  tissue  handling  and  preparation,  the 
choice  of  antibody(ies)  or  probes,  general  laboratory 
procedures  for  the  particular  assay,  and  the  choice  of 
an  immunodetection  method.  Differences  in  the  crite¬ 
ria  for  scoring  tumors  as  positive  or  negative  also 
contribute  significantly  to  heterogeneity.  Several 
workshops  and  individual  laboratories  (94-98)  have 
described  their  protocols  for  optimal  detection  of 
MDRl/gpl70.  With  such  diversity  of  opinion  and 
laboratory  practice,  obtaining  an  internationally  rec¬ 
ognized  standardized  approach  may  be  difficult  in  the 
short  term. 

The  significant  heterogeneity  across  studies  pre¬ 
vents  the  generation  of  a  statistically  valid  summary 
estimate  to  describe  the  overall  prevalence  of  MDRl/gpl70  ex¬ 
pression  in  breast  cancer.  However,  the  weighted  average  over 
all  3 1  studies  provides  a  very  general  approximation  and  implies 
that  approximately  40%  of  all  breast  tumors  express  detectable 
levels  of  MDRl/gpl70.  This  may  be  an  underestimate,  since  it 
combines  the  typically  lower  positivity  rates  found  in  the  less 
sensitive  RNA  hybridization  studies.  While  less  than  the  fre¬ 
quency  of  positivity  for  estrogen  receptor  expression,  which  is 
almost  70%  in  all  breast  tumors  when  assayed  by  immunohis¬ 
tochemistry  (99-101),  the  frequency  of  gpl70  positivity  exceeds 
that  of  other  prognostic  indicators.  For  example,  overexpression 
of  erbB2  when  detected  by  immunohistochemistry  approaches 
20%  in  all  breast  cancers  and  25%  in  invasive  ductal  cell  car¬ 
cinomas  (102).  This  overexpression  also  may  be  associated  with 
reduced  sensitivity  to  some  chemotherapeutic  regimens  (103). 
p53  mutations  are  considered  the  most  frequent  genetic  changes 
in  breast  cancer;  they  are  found  in  approximately  15%-50%  of 
breast  cancers  (104,105),  a  frequency  that  compares  with  our 
estimate  of  40%  MDRl/gpl70  positivity.  With  such  a  high  rela¬ 
tive  frequency  for  detection  of  MDRl/gp  170,  a  definitive  as¬ 
sessment  of  its  functional  role  in  breast  cancer  is  an  important 
goal. 

MDRl/gpl70  Expression  in  Untreated  and  Treated 
Breast  Cancers 

Many  previously  untreated  breast  cancers,  27%  in  the  RNA 
hybridization  studies  and  46%  in  the  immunohistochemistry 
studies,  express  MDRl/gpl70.  These  observations  strongly  sug¬ 
gest  that  many  breast  tumors  already  acquire  MDRl/gpl70  ex¬ 
pression  before  clinical  detection.  Among  previously  untreated 
breast  cancer  patients,  20%-55%  obtain  a  worse  than  PR  when 
they  are  treated  with  cytotoxic  chemotherapy.  Furthermore, 
among  those  who  respond  to  first-line  chemotherapy,  the  median 
duration  of  response  is  relatively  short  (only  5-13  months)  (2). 
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These  observations  are  consistent  with  the  likely  acquired 
expression  of  low  levels  of  MDRl/gpl70  and/or  other  multiple 
drug  resistance  mechanisms  early  in  the  biology  of  breast  cancer 
progression.  This  acquisition  may  not  require  the  selective  pres¬ 
sure  imposed  by  chemotherapy.  It  also  is  not  clear  whether 
the  expression  detected  after  chemotherapy  represents 
either  an  induced  expression  or  a  selection  that  increases  the 
proportion  of  MDRl/gp  170-expressing  tumor  subpopulations. 

A  few  studies  (58,66,106)  have  looked  for  MDRl/gpl70  ex¬ 
pression  in  the  normal  breast.  The  results  of  these  studies  sug¬ 
gest  that  expression  is  low,  absent,  or  predominantly  stromal. 
Pavelic  et  al.  (106),  using  four  independent  antibodies,  detected 
MDRl/gpl70  expression  in  normal  ductal  epithelia.  Greater 
than  80%  of  normal  breast  ductal  epithelium  stained  positively 
with  the  MRK-16  anti-gpl70  antibody,  and  staining  was  con¬ 
fined  to  the  luminal  surface  (79),  These  observations  suggest 
that  some  MDRl/gp  170-positive  breast  tumors  may  arise  in 
those  previously  untreated  patients  with  tumors  of  intraductal 
origin. 

Selection  against  MDRl/gp  1 7 0-r elated  drugs  in  vitro  fre¬ 
quently  induces  MDRl/gpl70  expression  (10).  Furthermore,  the 
meta-analysis  results  demonstrate  that  MDRl/gpl70  expression 
is  twice  as  likely  to  be  detected  in  tumors  from  treated  versus 
untreated  patients.  This  increased  incidence  of  detectable 
MDRl/gpl70  expression  may  be  a  direct  consequence  of  the 
cytotoxic  drug  therapy. 

Association  of  MDRl/gpl70  Expression  With  a  Worse 
Than  PR 

Because  of  its  ability  to  function  as  a  drug  efflux  pump, 
gpl70  confers  multi  drug  resistance  in  vitro.  Thus,  it  would  be 
predicted  that  the  detection  of  its  expression  in  breast  cancer 
would  be  associated  with  clinical  resistance.  In  our  analysis, 
patients  with  detectable  levels  of  MDRl/gpl70  were  three  times 
more  likely  to  exhibit  a  less  than  partial  clinical  response  to 
cytotoxic  chemotherapy.  Since  the  incidence  of  MDRl/gpl70 
expression  increases  with  treatment,  and  the  response  rate  to 
second-line  chemotherapy  is  worse  than  that  to  first-line  treat¬ 
ment,  we  would  expect  MDRl/gp  170  expression  measured  after 
treatment  to  show  a  stronger  association  with  a  poor  clinical 
response.  The  post-treatment  analysis  for  all  drugs  indicated  that 
MDRl/gpl70  expression  in  treated  tumors  was  associated  with 
a  fourfold  increase  in  risk  for  a  patient  having  a  worse  than  PR. 
These  data  infer  that  the  expression  of  MDRl/gpl70  may  al¬ 
ready  have  been  present  in  the  tumors  prior  to  and/or  during 
chemotherapy.  Furthermore,  they  demonstrate  a  strong  associa¬ 
tion  between  detectable  MDRl/gpl70  expression  and  a  poor 
clinical  response  to  cytotoxic  chemotherapy. 

There  were  only  limited  data  concerning  the  predictive  utility 
of  MDRl/gp  170  expression  measured  before  treatment.  How¬ 
ever,  in  the  five  evaluated  studies  ( 47,57,61,64,74 ),  there  is  a 
marginally  significant  50%  increase  in  the  probability  of  an 
associated  worse  than  partial  clinical  response.  While  this  find¬ 
ing  suggests  that  de  novo  gpl70  expression  also  may  play  a  role 
in  drug  resistance,  it  is  inconclusive.  The  relatively  small  num¬ 
ber  of  patients  and  the  differences  in  immunohistochemistry- 
based  assay  techniques  across  studies  may  contribute  to  the  in¬ 
ability  of  these  studies  to  demonstrate  clearly,  either  way,  the 
role  of  gpl70  expression  in  previously  untreated  breast  cancer 


patients.  Additional  prospective,  randomized,  clinical  trials  are 
clearly  needed  to  resolve  this  issue. 

Expression  of  MDRl/gpl70  and  Overall  Survival 

The  data  relating  MDRl/gpl70  expression  to  recurrence-free 
and  overall  survival  could  not  be  analyzed  because  the  required 
data  were  not  available  in  most  published  reports.  The  individual 
studies  were  essentially  equally  grouped  in  favor  of  and  against 
an  association  between  expression  and  survival.  This  is  not  en¬ 
tirely  unexpected,  since  response  to  therapy  generally  is  not 
associated  with  survival  (107,108).  Until  sufficient  studies  are 
completed  and  the  data  are  reported  in  a  way  that  can  be  readily 
accessed,  any  association  of  MDRl/gpl70  expression  with  sur¬ 
vival,  whether  positive  or  negative,  will  remain  unknown. 

Expression  of  MDRl/gpl70  and  Other 
Prognostic  Attributes 

Expression  of  MDRl/gp  170,  rather  than  being  associated 
with  treatment,  may  merely  reflect  a  more  aggressive  phenotype 
(89).  Individual  studies  have  found  an  association  between  the 
detectable  expression  of  MDRl/gpl70  in  breast  tumors  and  a 
poor  prognosis  (61),  poor  survival  (61,69),  lymph  node  metas¬ 
tasis  (109),  and  low  progesterone  receptor  expression  (54). 
Among  all  the  studies  that  have  examined  associations  with 
other  prognostic  attributes,  however,  there  is  little  evidence  to 
support  the  contention  that  MDRl/gpl70  expression  is  merely  a 
surrogate  for  other  indicators  of  an  aggressive  phenotype.  We 
found  no  association  of  MDRl/gpl70  with  either  positive  lymph 
nodes,  tumor  size,  grade,  histology,  or  estrogen  receptor  ex¬ 
pression.  However,  relatively  few  studies  examined  such  asso¬ 
ciations.  The  most  commonly  evaluated  markers,  lymph  node 
status  and  tumor  size,  were  examined  in  nine  studies 
(54,57,60,61,63,69,70,74,75)  and  seven  studies  (54,60,61, 
63,70,74,75),  respectively. 

Establishing  the  Functional  Relevance  of  MDRl/gpl70 
Expression — Considerations  and  Future  Directions 

The  meta-analysis  data  clearly  indicate  that  MDRl/gp  170  is 
expressed  in  a  significant  proportion  of  breast  tumors.  A  direct 
examination  of  the  clinical  relevance  of  MDRl/gp  170  expres¬ 
sion  is  clearly  the  next  most  important  step.  The  precise  delin¬ 
eation  of  this  role  is  likely  to  be  difficult  and  complex.  Clinical 
studies  have  almost  exclusively  assessed  MDRl/gp  170  expres¬ 
sion  either  before  or  after  therapy,  but  not  during  treatment.  In 
experimental  models,  MDRl/gpl70  expression  is  frequently  in¬ 
duced  by  exposure  to  a  substrate  (110),  and  expression  becomes 
constitutive  only  after  repeated  or  prolonged  in  vitro  exposure. 
Thus,  in  some  tumors,  expression  may  be  detectable  only  during 
either  therapy  or  the  later  cycles  of  therapy.  The  level  of  expres¬ 
sion  before  or  after  treatment  may  underestimate  the  level  in¬ 
duced  during  treatment  and  may  produce  a  false-negative  im¬ 
pression  with  regard  to  the  role  of  MDRl/gpl70. 

Studies  that  have  begun  to  address  gpl70  function  in  patients 
have  used  response  to  a  combination  chemotherapy  regimen  as 
their  end  point.  This  may  be  a  suboptimal  approach.  Determin¬ 
ing  the  individual  contribution  of  each  drug  to  the  response  in  a 
specific  tumor  is  currently  impossible.  For  example,  when  a 
regimen  is  used  in  which  each  drug  is  effective  as  a  single  agent, 
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e.g.,  CAF,  what  proportion  of  the  response,  or  lack  thereof,  will 
,  be  due  to  the  gpl70  substrate?  Furthermore,  doxorubicin  is  the 
major  or  sole  gpl70  substrate  in  chemotherapy  regimens  used  in 
*  most  studies.  However,  doxorubicin  is  subject  to  several  drug 
resistance  mechanisms  unrelated  to  gpl70,  including  an  altered 
expression  of  manganese  superoxide  dismutase  (7)  and  in¬ 
creased  activities  of  glutathione  transferase  and  topoisomerase  II 
{111,112).  Thus,  when  using  doxorubicin  as  the  gpl70  substrate, 
lack  of  a  clinical  response  can  be  attributed  only  cautiously  to 
gpl70.  This  is  also  a  concern  for  the  present  meta-analysis  and 
suggests  that  patients  previously  treated  with  a  non-MDRl/ 
gpl70-related  regimen  should  be  excluded  from  future  studies, 
since  this  treatment  may  induce  cross-resistance  mechanisms  to 
some  MDRl/gpl70-related  drugs. 

Suggestions  for  Design  of  Future  Clinical  Trials 

We  wish  to  raise  several  issues  for  consideration,  since  these 
issues  are  likely  to  have  contributed  to  the  significant  heteroge¬ 
neity  apparent  in  previously  published  studies.  We  hope  that 
these  suggestions  will  provide  some  degree  of  consistency 
within,  if  not  among,  future  studies.  Several  groups  (94,95)  have 
recently  attempted  to  derive  specific  guidelines  for  the  assess¬ 
ment  of  MDRl/gpl70  positivity.  Our  analysis  of  the  sources  of 
heterogeneity  among  published  studies  supports  some  sugges¬ 
tions  raised  in  these  reports  and  raises  the  following  additional 
issues  for  consideration: 

1)  In  general,  well-designed  prospective  studies  with  ad¬ 
equate  statistical  power  are  preferable  to  retrospective  studies. 
Thus,  MDRl/gpl70  expression  should  be  measured  before  the 
commencement  of  cytotoxic  chemotherapy.  If  a  neoadjuvant  de¬ 
sign  is  adopted,  investigators  should  consider  the  feasibility  of 
also  measuring  MDRl/gpl70  expression  in  biopsy  specimens 
obtained  during  chemotherapy.  Any  tissue  removed,  or  acces¬ 
sible  either  after  treatment  or  upon  relapse,  also  should  be  ex¬ 
amined  for  MDRl/gpl70  expression. 

2)  Where  possible,  the  study  population  should  comprise  pa¬ 
tients  not  previously  treated  with  any  systemic  therapies.  These 
patients  may  have  fewer  other  endogenous  cross-resistance 
mechanisms  present,  e.g.,  altered  topoisomerase  or  glutathione 
transferase  expression,  or  at  least  express  other  mechanisms  at 
relatively  low  levels. 

3)  Measuring  gpl70  expression  may  be  preferable  to  mea¬ 
suring  MDR1  expression,  since  immunohistochemistry  is  more 
sensitive  and  can  discriminate  between  stromal  and  tumor  cell 
expression. 

4)  Where  immunohistochemistry  is  adopted,  there  should  be 
a  clear  definition  of  positivity  and  negativity  of  expression  com¬ 
pared  with  well-defined  positive  and  negative  controls.  Since 
some  anti-gpl70  antibodies  cross-react  with  epitopes  on  proteins 
other  than  gpl70  (58,84,87),  more  than  one  antibody  with 
nonoverlapping  cross-reactivities  should  be  considered.  Samples 
should  be  screened  and  scored  in  a  blinded  fashion  by  more  than 
one  pathologist  using  criteria  established  before  the  analysis. 
Experimental  criteria  discussed  in  detail  by  others  (94-98)  also 
should  be  considered. 

5)  When  the  data  are  presented,  the  methods  of  accruing 
patients  (samples),  characteristics  of  the  study  population,  and 
the  treatments  (exposures)  should  be  described  in  detail.  Data 
should  be  presented  so  that  MDRl/gpl70  positivity  can  be  de- 
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scribed  among  the  following  patient  subgroups:  those  whose 
tumors  are  assayed  before  or  after  treatment,  those  whose  tumors 
are  treated  with  MDRl/gpl70-related  or  non-MDRl/gpl70-related 
substrates,  and  those  whose  tumors  are  primary  or  metastatic. 

MDRl/gpl  70  expression  might  be  associated  with  the  induc¬ 
tion  of  other  drug  resistance  mechanisms.  It  is  possible  that 
exposure  to  cytotoxic  drugs  induces  a  cellular  stress  response 
that  co-induces  several  stress  and  detoxification  mechanisms. 

This  response  could  include  increased  expression  of  the  heat 
shock  proteins  (113),  glutathione  transferases  (5),  and  superox¬ 
ide  dismutases  (7).  The  activity  of  some  DNA  repair  processes, 
including  the  activity  of  the  topoisomerases,  also  may  be  altered 
(8).  Since  each  subpopulation  of  cells  within  a  tumor  may  ex¬ 
press  a  different  pattern  of  these  various  resistance  mechanisms, 
future  studies  should  determine  whether  MDRl/gpl 70  expres¬ 
sion  either  is  a  general  marker  for  drug  resistance  or  arises 
independently  of  other  resistance  mechanisms.  A  recent  study 
(114)  suggests  that  combining  assessments  of  MDRl/gpl 70 
with  those  of  MRP  provides  a  more  accurate  predictor  of  clinical 
drug  resistance  in  patients  with  acute  myeloid  leukemia. 

Studies  with  agents  that  can  reverse  gpl70  function  provide 
another  approach  to  determining  the  functional  relevance  of  ex¬ 
pression.  However,  this  approach  is  likely  to  be  complicated  by 
several  additional  factors.  While  there  is  no  clear  consensus  on 
how  best  to  detect  MDRl/gpl70,  several  studies  with  reversing 
agents  (115-118)  have  been  performed  on  breast  cancer  patient 
populations  in  whom  the  MDRl/gpl 70  status  is  either  unknown 
or  not  reported.  Antibodies  and  complementary  DNA  probes 
have  been  available  for  several  years,  and  such  study  designs  are 
discouraged. 

One  “intrapatient”  study  design  has  been  suggested  that 
might  alleviate  some  of  these  concerns  and  is  worthy  of  consid¬ 
eration  (119).  Previously  untreated  breast  cancer  patients  with 
comparable  disease  status  could  receive  a  single  MDRl/gpl 70- 
related  substrate  regimen  until  relapse.  These  patients  are  then 
screened  for  MDRl/gpl 70  expression  in  accessible  lesions,  and 
patients  with  MDRl/gpl  70-positive  tumors  are  assigned  to  sub¬ 
sequent  groups  where  the  same  drug  is  administered  with  the 
reversing  agent.  The  pharmacokinetics  of  the  cytotoxic  agent 
would  be  established  in  each  patient,  both  when  the  drug  is 
administered  alone  and  subsequently  when  the  drug  is  given 
with  the  reversing  agent.  This  will  enable  each  patient  essen¬ 
tially  to  act  as  his  or  her  own  control  and  reduce  the  effects  of 
interpatient  variation  (119).  To  control  for  unrelated  effects  on 
clinical  response  and  pharmacokinetics,  selecting  patients  with 
broadly  comparable  performance  status  may  be  necessary.  Pa¬ 
tients  should  be  evaluated  for  MDRl/gpl 70  expression  before 
any  systemic  therapy  is  initiated. 

Implications  of  This  Analysis  for  Future  Translational 
Research  Studies 

The  studies  reviewed  in  this  analysis  varied  substantially  with 
respect  to  the  level  of  information  presented  in  the  published 
reports.  Because  of  the  nature  of  translational  research,  it  is  vital 
that  researchers  provide  the  information  necessary  to  readily 
understand  the  clinical  implications  of  a  particular  study.  Results 
should  be  presented  in  a  way  that  allows  differences  in  the 
critical  subgroups  to  be  discerned,  particularly  when  the  activity 
of  the  molecule  is  thought  to  vary  with  clinical  attributes,  e.g., 
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expression  levels  in  patients  before  and  after  treatment.  A  clear 
#  description  of  the  patient  population  and  method  of  accrual  also 
is  important.  Tumor  samples  assayed  in  a  particular  study  will 
'  rarely  come  from  randomized  clinical  trials,  so  it  is  important  to 
consider  the  selection  factors,  implicit  or  explicit,  that  influence 
the  study  sample’s  composition.  Tumor  specimens  accrued  to 
tumor  banks  or  to  individual  studies  generally  represent  a  num¬ 
ber  of  clinical  and  institutional  factors,  including  tumor  size, 
referral  patterns,  tissue-handling  procedures,  procurement  poli¬ 
cies,  consent  procedures,  other  protocols  competing  for  tissue, 
and  recruitment  into  clinical  trials.  All  these  factors  can  influ¬ 
ence  the  biologic  characteristics  of  patients  or  specimens  com¬ 
prising  a  particular  study. 

Conclusions 


References 

(7)  Henderson  IC,  Shapiro  Cl.  Adjuvant  chemotherapy:  an  overview.  In: 
Powles  T,  Smith  IE,  editors.  Medical  management  of  breast  cancer.  Lon¬ 
don:  Dunitz,  1991:197-215. 

(2)  Harris  JR,  Morrow  M,  Bonadonna  G.  Cancer  of  the  breast.  In:  DeVita  VT 
Jr,  Heilman  S,  Rosenberg  SA,  editors.  Cancer:  principles  and  practice  of 
oncology.  Philadelphia:  Lippincott,  1993:1264-332. 

(3)  Clarke  R,  Dickson  RB.  The  interactions  among  steroid  hormones,  anti¬ 
estrogens,  biological  response  modifiers  and  cytotoxic  drugs  in  breast 
cancer.  In:  Tsuruo  T,  Ogawa  M,  Carter  SK,  editors.  Drug  resistance  as  a 
biochemical  target  in  cancer  chemotherapy.  New  York:  Academic  Press, 
1991:223-53. 

(4)  Clarke  R,  Lippman  ME,  Dickson  RB.  Mechanism  of  hormone  and  cyto¬ 
toxic  drug  interactions  in  the  development  and  treatment  of  breast  cancer. 
Prog  Clin  Biol  Res  1989;322:243-78. 

(3)  Morrow  CS,  Chiu  J,  Cowan  KH.  Posttranscriptional  control  of  glutathione 
5-transferase  pi  gene  expression  in  human  breast  cancer  cells.  J  Biol  Chem 
1992;267:10544-50. 

(6)  Molina  R,  Oesterreich  S,  Zhou  JL,  Tandon  AK,  Clark  GM,  Allred  DC,  et 
al.  Glutathione  transferase  GST  pi  in  breast  tumors  evaluated  by  three 
techniques.  Dis  Markers  1 993 ;  1 1 :7 1-82. 

(7)  Zyad  A,  Benard  J,  Tursz  T,  Clarke  R,  Chouaib  S.  Resistance  to  TNF-a 
and  adriamycin  in  the  human  breast  cancer  MCF-7  cell  line:  relationship  to 
MDR1,  MnSOD,  and  TNF  gene  expression.  Cancer  Res  1994;54:825-31. 

(5)  Tuccari  G,  Rizzo  A,  Giuffre  G,  Barresi  G.  Immunocytochemical  detection 
of  DNA  topoisomerase  type  II  in  primary  breast  carcinomas:  correlation 
with  clinico-pathological  features.  Virchows  Arch  A  Pathol  Anat  Histo- 
pathol  1993;423:51-5. 

(9)  Schneider  E,  Horton  JK,  Yang  CH,  Nakagawa  M,  Cowan  KH.  Multidrug 
resistance-associated  protein  gene  overexpression  and  reduced  drug  sen¬ 
sitivity  of  topoisomerase  II  in  a  human  breast  carcinoma  MCF7  cell  line 
selected  for  etoposide  resistance.  Cancer  Res  1994;54:152-8. 

(10)  Vickers  PJ,  Dickson  RB,  Shoemaker  R,  Cowan  KH.  A  multidrug-resistant 
MCF-7  human  breast  cancer  cell  line  which  exhibits  cross-resistance  to 
antiestrogens  and  hormone-independent  tumor  growth  in  vivo.  Mol  En¬ 
docrinol  1988;2:886-92. 

(11)  Juliano  RL,  Ling  V.  A  surface  glycoprotein  modulating  drug  permeability 
in  Chinese  hamster  ovary  cell  mutants.  Biochim  Biophys  Acta  1976;455: 
152-62. 

(12)  Ambudkar  SV,  Lelong  IH,  Zhang  J,  Cardarelli  CO,  Gottesman  MM, 
Pastan  I.  Partial  purification  and  reconstitution  of  the  human  multidrug- 
resistance  pump:  characterization  of  the  drug-stimulatable  ATP  hydroly¬ 
sis.  Proc  Natl  Acad  Sci  U  S  A  1992;89:8472-6. 

(13)  Bruggemann  EP,  Currier  SJ,  Gottesman  MM,  Pastan  I.  Characterization 
of  the  azidopine  and  vinblastine  binding  site  of  P-glycoprotein.  J  Biol 
Chem  1992;267:21020-6. 

(14)  Raviv  Y,  Pollard  HB,  Bruggemann  EP,  Pastan  I,  Gottesman  MM.  Pho¬ 
tosensitized  labeling  of  a  functional  multidrug  transporter  in  living  drug- 
resistant  tumor  cells.  J  Biol  Chem  1990;265:3975-80. 

(15)  Hamada  H,  Hagiwara  K,  Nakajima  T,  Tsuruo  T.  Phosphorylation  of  the 
Mr  170,000  to  180,000  glycoprotein  specific  to  multidrug-resistant  tumor 
cells:  effects  of  verapamil,  trifluoperazine  and  phorbol  esters.  Cancer  Res 
1987;47:2860-5. 

(16)  Chambers  TC,  Zheng  B,  Kuo  JF.  Regulation  by  phorbol  ester  and  protein 
kinase  C  inhibitors,  and  by  a  protein  phosphatase  inhibitor  (okadaic  acid), 
of  P-glycoprotein  phosphorylation  and  relationship  to  drug  accumulation 
in  multidrug-resistant  human  KB  cells.  Mol  Pharmacol  1992;41: 
1008-15. 

(17)  Yu  G,  Ahmad  S,  Aquino  A,  Fairchild  CR,  Trepel  JB,  Ohno  S,  et  al. 
Transfection  with  protein  kinase  C  alpha  confers  increased  multidrug 
resistance  to  MCF-7  cells  expressing  P-glycoprotein.  Cancer  Commun 
1991;3:181-9. 

(18)  Escriba  PV,  Ferrer-Montiel  AV,  Ferragut  JA,  Gonzalez-Ros  JM.  Role  of 
membrane  lipids  in  the  interaction  of  daunomycin  with  plasma  mem¬ 
branes  from  tumor  cells:  implications  in  drug-resistance  phenomena.  Bio¬ 
chemistry  1990;29:7275-82. 

(79)  Clarke  R,  van  den  Berg  HW,  Murphy  RF.  Reduction  of  the  membrane 
fluidity  of  human  breast  cancer  cells  by  tamoxifen  and  17 [3-estradiol.  J 
Natl  Cancer  Inst  1990;82:1702-5. 

Journal  of  the  National  Cancer  Institute,  Vol.  89,  No.  13,  July  2,  1997 


The  data  from  our  meta-analysis  indicate  that  many  breast 
tumors  express  detectable  levels  of  MDRl/gpl70.  There  is  con¬ 
siderable  heterogeneity  across  studies  of  MDRl/gpl70  expres¬ 
sion,  resulting  partly  from  the  different  techniques  and  end 
points  utilized.  The  incidence  of  expression  is  higher  in  patients 
who  have  received  cytotoxic  chemotherapy  and  in  those  who 
either  will  have  or  have  had  a  worse  than  partial  clinical  re¬ 
sponse  to  chemotherapy.  While  the  functional  relevance  of  this 
expression  remains  to  be  established,  these  data  are  strongly 
supportive  of  a  likely  role  for  MDRl/gpl70  in  conferring  clini¬ 
cal  resistance  to  gpl70  substrates  in  a  significant  proportion  of 
breast  tumors.  We  found  no  evidence  to  support  the  assumption 
that  MDRl/gpl70  expression  has  no  role  in  breast  cancer. 

While  the  precise  role  of  MDRl/gpl70  in  breast  cancer  re¬ 
mains  to  be  established  definitively,  it  seems  likely  that,  in  tu¬ 
mors  where  expression  is  detectable,  this  expression  contributes 
to  the  multidrug-resistant  phenotype.  However,  it  seems  equally 
likely  that  multidrug  resistance  in  breast  cancer  is  a  multifacto¬ 
rial  phenomenon  and  may  include  MRP  and  the  altered  expres¬ 
sion  of  superoxide  dismutases,  glutathione  transferases,  heat 
shock  proteins,  and  other  resistance  genes.  The  precise  contri¬ 
bution  of  each  potential  multidrug  resistance  mechanism  is  unclear, 
and  it  is  likely  that  more  than  one  mechanism  can  operate  within 
the  same  tumor  cell  subpopulation  and/or  within  different  subpopu¬ 
lations  of  the  same  tumor.  If  correct,  then  the  establishment  of  a 
role  for  any  of  these  other  resistance  mechanisms  will  become  as 
complex  and  controversial  as  is  the  study  of  MDRl/gpl70. 

The  potential  complexity  that  applies  to  the  study  of  drug 
resistance  in  breast  cancer  likely  also  applies  to  other  solid  tu¬ 
mors.  Clearly,  the  design  of  future  clinical  trials  to  establish  the 
functional  relevance  of  drug  resistance  mechanisms  will  require 
careful  and  detailed  consideration  of  the  patient  population,  the 
drugs  used  to  induce  response,  and  the  potential  contribution  of 
other  drug  resistance  mechanisms. 

One  purpose  of  meta-analyses  is  to  identify  potential  direc¬ 
tions  for  future  studies  and,  if  possible,  to  provide  suggestions 
for  incorporation  into  improved  study  designs.  In  this  respect, 
the  issues  we  have  raised  regarding  study  design  are  provided  in 
the  hope  that  they  will  both  raise  awareness  and  generate  some 
discussion  of  the  complexities  and  difficulties  associated  with 
establishing  the  role  of  MDRl/gpl70  and  other  drug  resistance 
mechanisms. 

928  ARTICLES 


(20)  Sinicrope  FA,  Dudeja  PK,  Bissonnette  BM,  Safa  AR,  Brasitus  TA.  Modu¬ 
lation  of  P-glycoprotein-mediated  drug  transport  by  alterations  in  lipid 
fluidity  of  rat  liver  canalicular  membrane  vesicles.  J  Biol  Chem  1992; 
267:24995-5002. 

(21)  Woodcock  DM,  Linsenmeyer  ME,  Chojnowski  G,  Kriegler  AB,  Nink  V, 
Webster  LK,  et  al.  Reversal  of  multidrug  resistance  by  surfactants.  Br  J 
Cancer  1992;66:62-8. 

(22)  Gottesman  MM.  How  cancer  cells  evade  chemotherapy:  sixteenth  Richard 
and  Hinda  Rosenthal  Foundation  Award  Lecture.  Cancer  Res  1993;53: 
747-54. 

(23)  Holmes  FA,  Walters  RS,  Theriault  RL,  Forman  AD,  Newton  LK,  Raber 
MN,  et  al.  Phase  II  trial  of  taxol,  an  active  drug  in  the  treatment  of 
metastatic  breast  cancer.  J  Natl  Cancer  Inst  1991;83:1797-805. 

(24)  Fisherman  JS,  Cowan  KH,  Noone  M,  Denicoff  A,  Berg  S,  Poplack  D,  et 
al.  Phase  I/II  study  of  72-hour  infusional  paclitaxel  and  doxorubicin  with 
granulocyte  colony-stimulating  factor  in  patients  with  metastatic  breast 
cancer.  J  Clin  Oncol  1996;14:774-82. 

(25)  Sanfilippo  O,  Ronchi  E,  De  Marco  C,  Di  Fronzo  G,  Silvestrini  R.  Ex¬ 
pression  of  P-glycoprotein  in  breast  cancer  tissue  and  in  vitro  resistance  to 
doxorubicin  and  vincristine.  Eur  J  Cancer  1991;27:155-8. 

(26)  Salmon  SE,  Grogan  TM,  Miller  T,  Scheper  R,  Dalton  WS.  Prediction  of 
doxorubicin  resistance  in  vitro  in  myeloma,  lymphoma,  and  breast  cancer 
by  P-glycoprotein  staining.  J  Natl  Cancer  Inst  1989;81:696-701. 

(27)  Goldstein  LJ,  Galski  H,  Fojo  A,  Willingham  M,  Lai  S,  Gazdar  A,  et  al. 
Expression  of  a  multidrug  resistance  gene  in  human  cancers.  J  Natl  Cancer 
Inst  1989;81:116-24. 

(28)  Merkel  DE,  Fuqua  SA,  Tandon  AK,  Hill  SM,  Buzdar  AU,  McGuire  WL. 
Electrophoretic  analysis  of  248  clinical  breast  cancer  specimens  for  P- 
glycoprotein  overexpression  or  gene  amplification.  J  Clin  Oncol  1989;7: 
1129-36. 

(29)  Moscow  JA,  Fairchild  CR,  Madden  MJ,  Ransom  DT,  Wieand  HS,  O’Brien 
EE,  et  al.  Expression  of  anionic  glutathione-S-transferase  and  P-glycoprotein 
genes  in  human  tissues  and  tumors.  Cancer  Res  1989;49:1422-8. 

(30)  Ronchi  E,  Sanfilippo  O,  Di  Fronzo  G,  Bani  MR,  Della  Torre  G,  Catania 
S,  et  al.  Detection  of  the  170  kDa  P-glycoprotein  in  neoplastic  and  normal 
tissues.  Tumori  1989;75:542-6. 

(31)  Shapiro  S.  Meta-analysis/Shmeta-analysis.  Am  J  Epidemiol  1994;  140: 
771-8. 

(32)  Petitti  DB.  Of  babies  and  bathwater.  Am  J  Epidemiol  1994;140:779-82. 

(33)  Greenland  S.  Invited  commentary:  a  critical  look  at  some  popular  meta- 
analytic  methods.  Am  J  Epidemiol  1994;140:290-6. 

(34)  Greenland  S.  Can  meta-analysis  be  salvaged?  Am  J  Epidemiol  1994;  140: 
783-7. 

(35)  Mulrow  CD.  The  medical  review  article:  state  of  the  science.  Ann  Intern 
Med  1987;106:485-8. 

(36)  Oxman  AD,  Guyatt  GH.  Guidelines  for  reading  literature  reviews.  Can 
Med  Assoc  J  1988;183:697-703. 

(37)  Milne  R,  Chambers  L.  Assessing  the  scientific  quality  of  review  articles. 
J  Epidemiol  Community  Health  1993;47:169-70. 

(35)  Leonessa  F,  Jacobson  M,  Boyle  B,  Lippman  J,  McGarvey  M,  Clarke  R. 
Effect  of  tamoxifen  on  the  multidrug-resistant  phenotype  in  human  breast 
cancer  cells:  isobologram,  drug  accumulation,  M(r)  170,000  glycoprotein 
(gpl70)  binding  studies.  Cancer  Res  1994;54:441-7. 

(39)  Ramu  A,  Glaubiger  D,  Fuks  Z.  Reversal  of  acquired  resistance  to  doxo¬ 
rubicin  in  P388  murine  leukemia  cells  by  tamoxifen  and  other  triparanol 
analogues.  Cancer  Res  1984;44:4392-5. 

(40)  Dickersin  K,  Berlin  JA.  Meta-analysis:  state-of-the-science.  Epidemiol 
Rev  1992;14:154-76. 

(41)  Chalmers  TC.  Problems  induced  by  meta-analyses.  Stat  Med  1991;  10: 
971-80. 

(42)  Gerbarg  ZB,  Horwitz  RI.  Resolving  conflicting  clinical  trials:  guidelines 
for  meta-analysis.  J  Clin  Epidemiol  1988;41:503-9. 

(43)  Weed  DL.  Methodologic  guidelines  for  review  papers  [editorial].  J  Natl 
Cancer  Inst  1997;89:6-7. 

(44)  Theillet  C,  Le  Roy  X,  De  Lapeyriere  O,  Grosgeorges  J,  Adnane  J, 
Raynaud  SD,  et  al.  Amplification  of  FGF-related  genes  in  human  tumors: 
possible  involvement  of  HST  in  breast  carcinomas  [published  erratum 
appears  in  Oncogene  1 989;4: 1 537].  Oncogene  1989;4:915-22. 

(45)  Smith  K,  Houlbrook  S,  Greenall  M,  Carmichael  J,  Harris  AL.  Topoisom- 
erase  II  alpha  co-amplification  with  erbB2  in  human  primary  breast  cancer 

Journal  of  the  National  Cancer  Institute,  Vol.  89,  No.  13,  July  2,  1997 


and  breast  cancer  cell  lines:  relationship  to  m-AMSA  and  mitoxantrone 
sensitivity.  Oncogene  1993;8:933-8. 

Kim  R.  Expression  of  the  multidrug  resistance  gene  in  human  tumors. 
Hiroshima  J  Med  Sci  1990;39:71-7. 

Chevillard  S,  Pouillart  P,  Beldjord  C,  Asselain  B,  Beuzeboc  P,  Mag- 
delenat  H,  et  al.  Sequential  assessment  of  multidrug  resistance  phenotype 
and  measurement  of  S-phase  fraction  as  predictive  markers  of  breast 
cancer  response  to  neoadjuvant  chemotherapy.  Cancer  1996;77:292-300. 

Fleiss  JL.  Statistical  methods  for  rates  and  proportions.  New  York:  John 
Wiley  &  Sons,  1981:33-46. 

Snedecor  GW,  Cochran  WG.  Statistical  methods.  Ames  (IA):  Iowa  State 
University  Press,  1976:213-53. 

Greenland  S.  Quantitative  methods  in  the  review  of  epidemiologic  litera¬ 
ture.  Epidemiol  Rev  1987;9:1-30. 

Breslow  NE,  Day  NE.  Statistical  methods  in  cancer  research.  Volume 
II — the  design  and  analysis  of  cohort  studies.  Lyon:  IARC,  1987:109-12. 

Landis  RJ,  Heyman  ER,  Koch  GG.  Average  partial  association  in  three- 
way  contingency  tables:  a  review  and  discussion  of  alternative  tests.  Int 
Stat  Rev  1978;46:237-54. 

Kleinbaum  DG,  Kupper  LL,  Morgenstem  H.  Epidemiologic  research. 

New  York:  Van  Nostrand  Reinhold  Co.,  1982:143-7. 

Kacinski  BM,  Yee  LD,  Carter  D,  Li  D,  Kuo  MT.  Human  breast  carcinoma 
cell  levels  of  MDR-1  (P-glycoprotein)  transcripts  correlate  in  vivo  in¬ 
versely  and  reciprocally  with  tumor  progesterone  receptor  content.  Cancer 
Commun  1989;1:1-6. 

Schneider  J,  Bak  M,  Efferth  T,  Kaufmann  M,  Mattem  J,  Volm  M.  P- 
glycoprotein  expression  in  treated  and  untreated  human  breast  cancer.  Br 
J  Cancer  1989;60:815-8. 

Keith  WN,  Stallard  S,  Brown  R.  Expression  of  mdrl  and  gst-ir  in  human 
breast  tumours:  comparison  to  in  vitro  chemosensitivity.  Br  J  Cancer 
1990;61:712-6. 

Ro  J,  Sahin  A,  Ro  JY,  Fritsche  H,  Hortobagyi  G,  Blick  M.  Immunohis- 
tochemical  analysis  of  P-glycoprotein  expression  correlated  with  chemo¬ 
therapy  resistance  in  locally  advanced  breast  cancer.  Hum  Pathol  1990; 
21:787-91. 

Cordon-Cardo  C,  O’Brien  JP,  Boccia  J,  Casals  D,  Bertino  JR,  Melamed 
MR.  Expression  of  the  multidrug  resistance  gene  product  (P-glycoprotein) 
in  human  normal  and  tumor  tissues.  J  Histochem  Cytochem  1990;38: 
1277-87. 

Sugawara  I.  Expression  and  functions  of  P-glycoprotein  (mdrl  gene 
product)  in  normal  and  malignant  tissues.  Acta  Pathol  Jpn  1990;40:545- 
53. 

Wallner  J,  Depisch  D,  Hopfner  M,  Haider  K,  Spona  J,  Ludwig  H,  et  al. 

MDR1  gene  expression  and  prognostic  factors  in  primary  breast  carcino¬ 
mas.  Eur  J  Cancer  1991;27:1352-5. 

Verrelle  P,  Meissonnier  F,  Fonck  Y,  Feillel  V,  Dionet  C,  Kwiatkowski  F, 
et  al.  Clinical  relevance  of  immunohistochemical  detection  of  multidrug 
resistance  P-glycoprotein  in  breast  carcinoma.  J  Natl  Cancer  Inst  1991; 
83:111-6. 

Koh  EH,  Chung  HC,  Lee  KB,  Lim  HY,  Kim  JH,  Roh  JK,  et  al.  The  value 
of  immunohistochemical  detection  of  P-glycoprotein  in  breast  cancer  be¬ 
fore  and  after  induction  chemotherapy.  Yonsei  Med  J  1992;33:137-42. 
Hennequin  E,  Delvincourt  C,  Poumy  C,  Jardillier  JC.  Expression  of  mdrl 
gene  in  human  breast  primary  tumors  and  metastases.  Breast  Cancer  Res 
Treat  1993;26:267-74. 

Veneroni  S,  Zaffaroni  N,  Daidone  MG,  Benini  E,  Villa  R,  Silvestrini  R. 
Expression  of  P-glycoprotein  and  in  vitro  or  in  vivo  resistance  to  doxo¬ 
rubicin  and  cisplatin  in  breast  and  ovarian  cancers.  Eur  J  Cancer  1994; 

30A:  1002-7. 

Charpin  C,  Vielh  P,  Duffaud  F,  Devictor  B,  Andrac  L,  Lavaut  MN,  et 
al.  Quantitative  immunocytochemical  assays  of  P-glycoprotein  in 
breast  carcinomas:  correlation  to  messenger  RNA  expression  and  to  immu¬ 
nohistochemical  prognostic  indicators.  J  Natl  Cancer  Inst  1994;86: 
1539-45. 

Wishart  GC,  Plumb  JA,  Going  JJ,  McNicol  AM,  McArdle  CS,  Tsuruo  T, 
et  al.  P-glycoprotein  expression  in  primary  breast  cancer  detected  by 
immunocytochemistry  with  two  monoclonal  antibodies.  Br  J  Cancer  1990; 
62:758-61. 

Keen  JC,  Miller  EP,  Bellamy  C,  Dixon  JM,  Miller  WR.  P-glycoprotein 
and  resistance  to  tamoxifen  [letter].  Lancet  1994;343:1047-8. 

ARTICLES  929 


(46) 

(47) 

(48) 

(49) 

(50) 

(51) 

(52) 

(53) 

(54) 

(55) 

(56) 

(57) 

(58) 

(59) 

(60) 

(61) 

(62) 

(63) 

(64) 

(66) 

(66) 

(67) 


(65)  Dixon  AR,  Bell  J,  Ellis  10,  Elston  CW,  Blarney  RW.  P-glycoprotein 
expression  in  locally  advanced  breast  cancer  treated  by  neoadjuvant  che¬ 
motherapy.  Br  J  Cancer  1992;66:537-41. 

{69)  Botti  G,  Chiappetta  G,  D’Aiuto  G,  de  Angelis  E,  De  Matteis  A,  Montella 
M,  et  al.  PCNA/cyclin  and  P-glycoprotein  as  prognostic  factors  in  locally 
advanced  breast  cancer.  An  immunohistochemical,  retrospective  study. 
Tumori  1993;79:214-8. 

{70)  Schneider  J,  Rubio  MP,  Barbazan  MJ,  Rodriguez-Escudero  FJ,  Seizinger 
BR,  Castresana  JS.  P-glycoprotein,  HER-2/neu,  and  mutant  p53  expres¬ 
sion  in  human  gynecologic  tumors.  J  Natl  Cancer  Inst  1994;86:850-5. 

(77)  Linn  SC,  Giaccone  G,  van  Diest  PJ,  Blokhuis  WM,  van  der  Valk  P,  van 
Kalken  CK,  et  al.  Prognostic  relevance  of  P-glycoprotein  expression  in 
breast  cancer.  Ann  Oncol  1995;6:679-85. 

(72)  Luowen  H,  Chunyi  H,  Benyao  L,  Yi  W,  Fei  G.  P-glycoprotein  expression 
in  primary  breast  cancer.  Chin  Med  Sci  J  1995;12:12-5. 

(73)  Seymour  L,  Bezwoda  WR,  Dansey  RD.  P-glycoprotein  immunostaining 
correlates  with  ER  and  with  high  Ki67  expression  but  fails  to  predict 
anthracycline  resistance  in  patients  with  advanced  breast  cancer.  Breast 
Cancer  Res  Treat  1995;36:61-9. 

{74)  Decker  DA,  Morris  LW,  Levine  AJ,  Pettinga  JE,  Grudzien  JL,  Farkas  DH. 
Immunohistochemical  analysis  of  P-glycoprotein  expression  in  breast 
cancer:  clinical  correlations.  Ann  Clin  Lab  Sci  1995;25:52-9. 

(75)  Schneider  J,  Romero  H.  Correlation  of  P-glycoprotein  overexpression 
and  cellular  prognostic  factors  in  formalin-fixed,  paraffin-embedded 
tumor  samples  from  breast  cancer  patients.  Anticancer  Res  1995;  15: 
1117-21. 

(7(5)  O’Driscoll  L,  Kennedy  S,  McDermott  E,  Kelehan  P,  Clynes  M.  Multiple 
drug  resistance-related  messenger  RNA  expression  in  archival  formalin- 
fixed  paraffin-embedded  human  breast  tumour  tissue.  Eur  J  Cancer  1996; 
32A:  128-33. 

(77)  Lonn  U,  Lonn  S,  Nylen  U,  Stenkvist  B.  Appearance  and  detection  of 
multiple  copies  of  the  mdr-1  gene  in  clinical  samples  of  mammary  car¬ 
cinoma.  Int  J  Cancer  1992;51:682-6. 

{78)  Kim  R,  Hirabayashi  N,  Nishiyama  M,  Saeki  S,  Toge  T,  Okada  K.  Ex¬ 
pression  of  MDR1,  GST-7T  and  topoisomerase  II  as  an  indicator  of  clinical 
response  to  adriamycin.  Anticancer  Res  1 99 1;1 1:429-31. 

(79)  Scala  S,  Saeki  T,  Lynch  A,  Salomon  DS,  Merino  MJ,  Bates  SE.  Coex¬ 
pression  of  TGF  a,  epidermal  growth  factor  receptor,  and  P-glyco- 
protein  in  normal  and  benign  breast  tissues.  Diagn  Mol  Pathol  1995;4: 
136-42. 

{80)  Sugawara  I,  Kataoka  I,  Morishita  Y,  Hamada  H,  Tsuruo  T,  Itoyama  S,  et 
al.  Tissue  distribution  of  P-glycoprotein  encoded  by  a  multidrug-resistant 
gene  as  revealed  by  a  monoclonal  antibody,  MRK  16.  Cancer  Res  1988; 
48:1926-9. 

(57)  van  der  Heyden  S,  Gheuens  E,  DeBruijn  E,  Van  Oosterom  A,  Maes  R. 
P-glycoprotein:  clinical  significance  and  methods  of  analysis.  Crit  Rev 
Clin  Lab  Sci  1995;32:221-64. 

(52)  Bittl  A,  Nap  M,  Jager  W,  Lathan  B,  Lang  N.  Immunohistochemical  de¬ 
tection  of  P-glycoprotein  in  normal  and  malignant  tissues:  a  comparative 
study  of  three  monoclonal  antibodies,  JSB-1,  C  219  and  265/F4,  against 
different  epitopes  using  frozen  and  paraffin  tissue  sections.  Tumour  Biol 
1993;14:155-66. 

(53)  Georges  E,  Bradley  G,  Gariepy  J,  Ling  V.  Detection  of  P-glycoprotein 
isoforms  by  gene-specific  monoclonal  antibodies.  Proc  Natl  Acad  Sci 
USA  1990;87:152-6. 

{84)  Thiebaut  F,  Tsuruo  T,  Hamada  H,  Gottesman  MM,  Pastan  I,  Willingham 
MC.  Immunohistochemical  localization  in  normal  tissues  of  different  epi¬ 
topes  in  the  multidrug  transport  protein  PI 70:  evidence  for  localization  in 
brain  capillaries  and  crossreactivity  of  one  antibody  with  a  muscle  protein. 
J  Histochem  Cytochem  1989;37:159-64. 

(55)  Rao  VV,  Anthony  DC,  Piwnica- Worms  D.  Multidrug  resistance  P- 
glycoprotein  monoclonal  antibody  JSB-1  crossreacts  with  pyruvate  car¬ 
boxylase.  J  Histochem  Cytochem  1995;43:1187-92. 

(5(5)  Rao  VV,  Anthony  DC,  Piwnica- Worms  D.  MDR1  gene-specific  mono¬ 
clonal  antibody  C494  cross-reacts  with  pyruvate  carboxylase.  Cancer  Res 
1994;54:1536-41. 

(57)  Schinkel  AH,  Roelofs  EM,  Borst  P.  Characterization  of  the  human  MDR3 
P-glycoprotein  and  its  recognition  by  P-glycoprotein-specific  monoclonal 
antibodies.  Cancer  Res  1991;51:2628-35. 

{88)  Clarke  R,  Dickson  RB,  Lippman  ME.  Hormonal  aspects  of  breast  cancer. 


Growth  factors,  drugs  and  stromal  interactions.  Crit  Rev  Oncol  Hematol 
1992;12:1-23. 

(59)  Kaye  SB.  P-glycoprotein  (P-gp)  and  drug  resistance — time  for  reap¬ 
praisal?  Br  J  Cancer  1993;67:641-3. 

{90)  Pastan  I,  Gottesman  MM,  Ueda  K,  Lovelace  E,  Rutherford  AV,  Willing¬ 
ham  MC.  A  retrovirus  carrying  an  MDR1  cDNA  confers  multidrug  re¬ 
sistance  and  polarized  expression  of  P-glycoprotein  in  MDCK  cells.  Proc 
Natl  Acad  Sci  U  S  A  1988;85:4486-90. 

(97)  Clarke  R,  Currier  S,  Kaplan  O,  Lovelace  E,  Boulay  V,  Gottesman  MM, 
et  al.  Effect  of  P-glycoprotein  expression  on  sensitivity  to  hormones 
in  MCF-7  human  breast  cancer  cells.  J  Natl  Cancer  Inst  1992;84: 
1506-12. 

(92)  Leonessa  F,  Green  D,  Licht  T,  Wright  A,  Wingate-Legette  K,  Lippman  J, 
et  al.  MDA435/LCC6  and  MDA435/LCC6MDR1:  ascites  models  of  hu¬ 
man  breast  cancer.  Br  J  Cancer  1996;73:154-61. 

(93)  Light  RJ,  Pillemer  DB.  Summing  up:  the  science  of  reviewing  research. 
Cambridge  (MA):  Harvard  University  Press,  1984. 

{94)  Beck  WT,  Grogan  TM,  Willman  CL,  Cordon-Cardo  C,  Parham  DM, 
Kuttesch  JF,  et  al.  Methods  to  detect  P-glycoprotein-associated  multidrug 
resistance  in  patients’  tumors:  consensus  recommendations.  Cancer  Res 
1996;56:3010-20. 

(95)  Hamblin  TJ.  1st  international  conference  on  reversal  of  multidrug  resis¬ 
tance  in  cancer.  Leuk  Res  1995;19:427-8. 

(9(5)  Broxterman  HJ,  Lankelma  J,  Pinedo  HM.  How  to  probe  clinical  tumour 
samples  for  P-glycoprotein  and  multidrug  resistance-associated  protein. 
Eur  J  Cancer  1996;32A:  1024-33. 

(97)  Fuqua  SA,  Fitzgerald  SD,  McGuire  WL.  A  simple  polymerase  chain 
reaction  method  for  detecting  and  cloning  of  low-abundance  transcripts. 
Biotechniques  1990;9:206-11. 

(95)  Grogan  T,  Dalton  W,  Rybski  J,  Spier  C,  Meltzer  P,  Richter  L,  et  al. 
Optimization  of  immunocytochemical  P-glycoprotein  assessment  in  mul¬ 
tidrug-resistant  plasma  cell  myeloma  using  three  antibodies.  Lab  Invest 
1990;63:815-24. 

(99)  Kamby  C,  Andersen  J,  Ejlertsen  B,  Birkler  NE,  Rytter  L,  Zedeler  K,  et  al. 
Histological  grade  and  steroid  receptor  content  of  primary  breast  cancer — 
impact  on  prognosis  and  possible  modes  of  action.  Br  J  Cancer  1988;58: 
480-6. 

{100)  Andersen  J,  Thorpe  SM,  King  WJ,  Rose  C,  Christensen  I,  Rasmussen  BB, 
et  al.  The  prognostic  value  of  immunohistochemical  estrogen  receptor 
analysis  in  paraffin-embedded  and  frozen  sections  versus  that  of  steroid¬ 
binding  assay.  Eur  J  Cancer  1990;26:442-9. 

{101)  Foekens  JA,  Portengen  H,  van  Putten  WL,  Peters  HA,  Krijnen  HL,  Alex- 
ieva-Figusch  J,  et  al.  Prognostic  value  of  estrogen  and  progesterone  re¬ 
ceptors  measured  by  enzyme  immunoassays  in  human  breast  tumor  cy¬ 
tosols.  Cancer  Res  1989;49:5823-8. 

{102)  De  Potter  CR,  Schelfhout  AM.  The  neu-protein  and  breast  cancer.  Vir¬ 
chows  Arch  1995;426:107-15. 

(793)  Muss  HB,  Thor  AD,  Berry  DA,  Kute  T,  Liu  ET,  Koemer  F,  et  al.  c-erbB-2 
expression  and  response  to  adjuvant  therapy  in  women  with  node-positive 
early  breast  cancer  [published  erratum  appears  in  N  Engl  J  Med  1994; 
331:211].  N  Engl  J  Med  1994;330:1260-6. 

{104)  Greenblatt  MS,  Bennett  WP,  Hollstein  M,  Harris  CC.  Mutations  in  the 
p53  tumor  suppressor  gene:  clues  to  cancer  etiology  and  molecular  patho¬ 
genesis.  Cancer  Res  1994;54:4855-78. 

(795)  Elledge  RM,  Fuqua  SA,  Clark  GM,  Pujol  P,  Allred  DC.  William  L. 
McGuire  Memorial  Symposium.  The  role  and  prognostic  significance  of 
p53  gene  alterations  in  breast  cancer.  Breast  Cancer  Res  Treat  1993;27: 
95-102. 

(796)  Pavelic  ZP,  Reising  J,  Pavelic  L,  Kelley  DJ,  Stambrook  PJ,  Gluckman  JL. 
Detection  of  p-glycoprotein  with  four  monoclonal  antibodies  in  normal 
and  tumor  tissues.  Arch  Otolaryngol  Head  Neck  Surg  1993;119:753-7. 

(797)  Paterson  AH,  Cyr  M,  Szafran  O,  Lees  AW,  Hanson  J.  Response  to  treat¬ 
ment  and  its  influence  on  survival  in  metastatic  breast  cancer.  Am  J  Clin 
Oncol  1985;8:283-92. 

(795)  Cheblowski  RT,  Irwin  LE,  Pugh  RP,  Sadoff  L,  Hesteroff  R,  Wiener  JM, 
et  al.  Survival  of  patients  with  metastatic  breast  cancer  treated  with  either 
combination  chemotherapy  or  sequential  chemotherapy.  Cancer  Res  1979; 
39:4503-6. 

(799)  De  La  Torre  M,  Larsson  R,  Nygren  P,  Lindgren  A,  Bergh  J.  Expres¬ 
sion  of  the  multi  drug-resistance  gene  product  in  untreated  human  breast 


930  ARTICLES 


Journal  of  the  National  Cancer  Institute,  Vol.  89,  No.  13,  July  2,  1997 


cancer  and  its  relationship  to  prognostic  markers.  Acta  Oncol  1994;33: 
773-7. 

{110)  Herzog  CE,  Tsokos  M,  Bates  SE,  Fojo  AT.  Increased  mdr-l/P-gly- 
coprotein  expression  after  treatment  of  human  colon  carcinoma  cells  with 
P-glycoprotein  antagonists.  J  Biol  Chem  1993;268:2946-52. 

{Ill)  Batist  G,  Tulple  A,  Sinha  BK,  Katki  AG,  Myers  CE,  Cowan  KH.  Over¬ 
expression  of  a  novel  anionic  glutathione  transferase  in  multidrug- 
resistant  human  breast  cancer  cells.  J  Biol  Chem  1986;261:15544-9. 

{112)  Sinha  BK,  Mimnaugh  EG,  Rajagopalan  S,  Myers  CE.  Adriamycin  acti¬ 
vation  and  oxygen  free  radical  formation  in  human  breast  tumor  cells: 
protective  role  of  glutathione  peroxidase  in  adriamycin  resistance.  Cancer 
Res  1989;49:3844-8. 

{113)  Fuqua  SA,  Oesterreich  S,  Hilsenbeck  SG,  Von  HofTDD,  Eckardt  J,  Os¬ 
borne  CK.  Heat  shock  proteins  and  drug  resistance.  Breast  Cancer  Res 
Treat  1994;32:67-71. 

{114)  Schuurhuis  GJ,  Broxterman  HJ,  Ossenkopple  GJ,  Baak  JP,  Eekman  CA, 
Kuiper  CM,  et  al.  Functional  multidrug  resistance  phenotype  associated 
with  combined  overexpression  of  pgp/MDRl  and  MRP  together  with 
1-0-arabinoftiranosylcytosine  sensitivity  may  predict  clinical  response  in 
acute  myeloid  leukemia.  Clin  Cancer  Res  1995;1:81-93. 

{115)  Demicheli  R,  Jirillo  A,  Bonciarelli  G,  Lonardi  F,  Balli  M,  Bandello  A. 
4'Epidoxorubicin  plus  verapamil  in  anthracycline-refractory  cancer  pa¬ 
tients.  Tumori  1989;75:245-7. 

{116)  Wishart  GC,  Bissett  D,  Paul  J,  Jodrell  D,  Harnett  A,  Habeshaw  T,  et  al. 
Quinidine  as  a  resistance  modulator  of  epirubicin  in  advanced  breast 
cancer:  mature  results  of  a  placebo-controlled  randomized  trial.  J  Clin 
Oncol  1994;12:1771-7. 


{117)  Mross  K,  Bohn  C,  Edler  L,  Jonat  W,  Queisser  W,  Heidemann  E,  et  al. 
Randomized  phase  II  study  of  single-agent  epirubicin  +/-  verapamil  in 
patients  with  advanced  metastatic  breast  cancer.  An  AIO  clinical  trial. 
Arbeitsgemeinschaft  Intemistische  Onkologie  of  the  German  Cancer  So¬ 
ciety.  Ann  Oncol  1993;4:45-50. 

{118)  Miller  RL,  Bukowski  RM,  Budd  GT,  Purvis  J,  Weick  JK,  Shepard  K, 
et  al.  Clinical  modulation  of  doxorubicin  resistance  by  the  calmodulin- 
inhibitor,  trifluoperazine:  a  phase  I/II  trial.  J  Clin  Oncol  1988;6: 
880-8. 

{119)  Mross  K.  Multidrug-resistance  modulation  in  metastatic  breast  cancer 
patients  [letter].  J  Clin  Oncol  1996;13:303-4. 

{120)  Staging  for  carcinoma  of  the  breast.  In:  Beahrs  O,  Henson  D,  Hutter  R, 
Myers  M,  editors.  Manual  for  staging  of  cancer,  3rd  ed.  Philadelphia: 
Lippincott,  1988:145-50. 

{121)  Bloom  HJ,  Richardson  WW.  Histologic  grading  and  prognosis  in  breast 
cancer.  Br  J  Cancer  1957;11:359-77. 

Notes 

Supported  in  part  by  Public  Health  Service  grants  P30CA51008  and 
P50CA58185  (R.  Clarke  and  B.  J.  Track)  from  the  National  Cancer  Institute, 
National  Institutes  of  Health,  Department  of  Health  and  Human  Services;  and  in 
part  by  grant  RP950649  (R.  Clarke)  from  the  Department  of  the  Army,  U.S. 
Army  Medical  Research  and  Materiel  Command. 

Manuscript  received  November  7,  1996;  revised  March  25,  1997;  accepted 
April  18,  1997. 


Journal  of  the  National  Cancer  Institute,  Vol.  89,  No,  13,  July  2,  1997 


ARTICLES  931 


Diseases  of  the  Breast,  2nd  ed., 
edited  by  Jay  R.  Harris. 

Lippincott  Williams  &  Wilkins,  Philadelphia  ©  2000. 


CHAPTER  22 

Animal  Models 


Robert  Clarke  and  Michael  D.  Johnson 


GENERAL  PRINCIPLES 

Animal  models  of  breast  cancer  have  been  widely  used  for 
many  years  and  have  contributed  significantly  to  our  under¬ 
standing  of  breast  cancer  biology  and  to  the  development  of 
several  new  therapeutic  strategies.  Because  the  number  of 
species  that  develop  spontaneous  breast  tumors  is  limited, 
there  are  few  good  animal  models  of  spontaneous  breast  can¬ 
cer.  For  example,  in  addition  to  rats  and  mice,  mammary 
tumors  also  arise  spontaneously  in  dogs,1*2  but  the  cost  of 
these  models  is  generally  prohibitive.  The  majority  of  experi¬ 
mental  animal  models  of  breast  cancer  are  limited  to  the 
rodent  species.  However,  several  different  groups  of  rodent 
models  are  available  for  experimental  breast  cancer  research. 
These  include  chemically  induced  rat  mammary  carcinomas, 
virally  induced  mammary  tumors,  human  tumor  xenografts, 
and  transgenic  mouse  models. 

Many  aspects  of  experimental  breast  cancer  research  require 
the  use  of  an  appropriate  animal  model.  For  example,  repro¬ 
ducing  the  complexity  of  the  endocrinologic  environment  of 
the  pituitary-adrenal-ovarian  axis  is  beyond  the  scope  of  current 
in  vitro  technologies.  Tumor-host  interactions,  including 
immunologic,  vascular,  and  stromal  effects,  and  host-related 
pharmacologic-pharmacokinetic  effects,  also  are  relatively 
poorly  modeled  in  vitro.  However,  even  a  well-justified  require¬ 
ment  for  the  use  of  living  animals  imposes  several  ethical  and 
scientific  considerations.  Investigators  must  give  appropriate 
consideration  to  the  health  and  welfare  of  experimental  animals 
(e.g.,  by  providing  adequate  diet,  space,  health  monitoring,  and 
hygiene).3  Many  of  these  concerns  are  of  more  importance  than 
is  often  realized.  For  example,  almost  all  mammary  animal 
tumor  models  are  sensitive  to  (i.e.,  inhibited  by)  caloric  restric¬ 
tion.4"6  Sufficient  numbers  of  animals  must  be  used  to  provide 
adequate  statistical  power  and  to  ensure  the  validity  of  the 
study7,8  but  not  such  that  there  is  unnecessary  animal  use. 
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Each  of  the  rodent  models  has  its  own  advantages  and  dis¬ 
advantages,  and  a  clear  understanding  of  the  limitations  and  use 
of  each  model  is  critical  for  its  appropriate  application.  In  gen¬ 
eral,  the  major  models  for  spontaneous  breast  cancer  are  the 
mouse  strains  that  are  susceptible  to  mouse  mammary  tumor 
virus  (MMTV)-induced  mammary  neoplasia  and  some  trans¬ 
genic  mouse  models.  In  these  models,  the  mammary  glands 
potentially  express  the  transforming  genes  from  early  life 
onward  (MMTV/neonatal;  transgenics/fetal).  For  the  chemi¬ 
cally  induced  tumors,  initiation  events  are  induced  by  the  car¬ 
cinogen.  The  spontaneous  and  chemically  induced  models  are 
particularly  useful  for  chemoprevention  studies,  because  full 
transformation  of  the  gland  has  either  not  occurred  (young 
transgenic  and  MMTV-infected  mice)  or  occurs  within  a  repro¬ 
ducible  time  after  carcinogenic  insult  (chemically  induced 
tumors).  In  the  human  tumor  xenografts,  the  malignant  tissue  is 
directly  inoculated  into  host  tissues.  Thus,  effects  on  early 
events  (i.e.,  initiation)  are  not  amenable  to  study.  However, 
these  xenografts  provide  a  good  model  for  the  study  of  malig¬ 
nant  progression  in  the  human  disease  and  the  screening  of 
drugs  and  therapies  against  established  human  tumors.  A  major 
advantage  of  the  xenografts  is  their  human  breast  cancer  origin, 
whereas  a  disadvantage  of  the  rodent  mammary  models  is  their 
nonhuman  origin.  Choice  of  the  appropriate  model  and  a  real¬ 
istic  assessment  of  its  limitations  are  critical  for  adequate  and 
appropriate  experimental  design.  Siemann9  made  a  simple  but 
important  observation  when  he  stated  that  a  critical  considera¬ 
tion  is  to  “  . .  choose  the  model  to  address  the  question  rather 
than  force  the  question  on  the  tumor  model.” 


CHEMICALLY  INDUCED  RODENT 
MAMMARY  TUMORS 

The  mammary  glands  of  several  rat  strains  are  susceptible 
to  transformation  by  chemical  carcinogens,  most  notably 
Sprague-Dawley,10  Buf/N,11  Fischer  344, 12  Lewis,13  and,  to  a 
lesser  extent,  Wistar-Furth.12  Other  strains  are  relatively  resis¬ 
tant  (e.g.,  the  Copenhagen  rat14).  The  genetic  reasons  for  this 
resistance  are  unknown,  but  resistant  strains  appear  to  inherit  a 
dominant  autosomal  allele  on  rat  chromosome  215  that  specif¬ 
ically  inhibits  the  progression,  but  not  initiation,  of  mammary 
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cells.16  The  primary  end  points  measured  with  these  models 
are  changes  in  tumor  latency,  incidence,  and  multiplicity.17 

These  models  appear  to  closely  mimic  several  key  com¬ 
ponents  of  the  human  disease.  Rats  that  have  completed  a 
full-term  pregnancy  and  lactation,  or  have  been  treated  with 
estrogen  and  progesterone  before  carcinogen  administra¬ 
tion,  exhibit  a  reduced  incidence  of  mammary  tumors.10 
Pregnancy  at  a  young  age  also  is  known  to  reduce  lifetime 
breast  cancer  risk  in  humans.18  This  may  reflect  an 
endocrine-induced  differentiation  that  reduces  the  number 
of  target  undifferentiated  stem  cells.19  For  chemical  carcino¬ 
gens,  the  dose  of  carcinogen  and  age  of  the  rats  also  are  crit¬ 
ical.  The  rats  must  be  virgin,  with  the  optimal  age  being  40  to 
46  days.  Chemically  induced  tumors  also  are  initially  estro¬ 
gen  responsive.20  Progression  to  a  hormone-unresponsive 
phenotype  can  occur  rapidly  in  a  significant  proportion  of 
tumors.  Loss  of  hormone  responsiveness  also  can  occur  in 
human  breast  tumors.  Many  of  the  mammary  epithelial 
tumors  that  arise  are  well-differentiated  adenocarcinomas. 
These  are  histologically  similar  to  a  significant  proportion 
of  the  lesions  that  arise  in  the  human  breast.  However,  other 
tumors  also  can  arise  with  7,12-dimethylbenz[a]anthracene 
(DMBA)  treatment,  and  it  is  important  for  investigators  to 
confirm  the  origin  of  any  tumors  that  arise  in  the  mammary 
fat  pad  areas.  Several  excellent  reviews  are  available  that 
describe  the  comparative  biology  of  these  models.10,2122 

These  mammary  tumor  models  have  been  in  constant  use 
since  their  description  by  Huggins  and  associates  in  1961, 23 
and  their  use  has  provided  critical  insights  into  several 
aspects  of  breast  cancer  biology.  For  example,  chemically 
induced  tumors  have  been  used  to  demonstrate  the  antitumor 
and  chemopreventive  effects  of  endocrine  agents24  26  and 
vitamins.27  Perhaps  the  most  notable  example  of  the  use  of 
chemically  induced  rodent  models  is  their  role  in  the  pre- 
clinical  development  of  the  antiestrogen  tamoxifen. 

Chemically  induced  mammary  tumors  exhibit  a  low 
metastatic  potential.28  Although  some  local  invasion  is  appar¬ 
ent  and  occasional  metastases  have  been  reported,  these  are 
rarely  sufficiently  reproducible  to  provide  a  useful  model  of 
metastasis.  The  majority  of  tumors  are  initially  prolactin 
dependent,20  but  a  similar  central  role  for  prolactin  in  human 
breast  cancer  is  not  currently  evident.29  These  characteristics 
and  the  high  level  of  ras  activation  [e.g.,  A-nitrosomethylurea 
(NMU)-induced  tumors]  limit  their  applicability  for  some 
studies.  In  general,  investigators  should  be  cautious  in  design¬ 
ing  experiments  in  which  agents  are  coadministered  with  a 
chemical  carcinogen,  because  effects  on  the  carcinogen’s 
pharmacokinetics  can  produce  potentially  artifactual  observa¬ 
tions  that  are  specific  for  the  carcinogen  used. 

The  choice  of  carcinogen  may  depend  to  some  degree  on 
the  study  design.  When  coadministration  of  the  test  treatment 
or  manipulation  is  required,  NMU  is  likely  to  be  a  better 
choice,  because  it  eliminates  potentially  confounding  effects 
on  metabolic  activation.  When  cellular  signaling  is  under 
investigation,  DMBA  may  prove  more  useful,  because  the 
incidence  of  activate  ras  mutations  is  much  lower.  Interest¬ 


ingly,  transformation  of  HBL100  cells  (normal  human  breast 
epithelial-derived  cells)  by  DMBA,  but  not  NMU,  is  associ¬ 
ated  with  an  increased  expression  of  basic  fibroblast  growth 
factor  (FGF).30  This  suggests  that  cellular  signaling  is  differ¬ 
ent  in  DMBA-  than  in  NMU-induccd  mammary  tumors. 
FGFs  have  been  implicated  in  breast  carcinogenesis.31  For 
many  studies,  the  choice  of  carcinogen  is  unlikely  to  signifi¬ 
cantly  affect  the  outcome  or  interpretation  of  the  studies.32 

7,12-Dimethylbenz[a]anthraeene 

DMBA  is  a  potent  inducer  of  mammary  carcinomas.  It  is 
generally  administered  by  oral  gavage,  frequently  as  a  solu¬ 
tion  in  peanut  oil.  Generally  within  1 0  to  1 5  weeks,  20  mg  per 
animal  produces  a  final  incidence  of  100%  adenocarcinomas. 
The  mammary  tumors  arise  in  the  epithelium  of  the  terminal 
end  buds,  which  are  comparable  structures  to  the  terminal 
ductal  lobular  unit  in  the  human  breast.10  The  tumors  arc  gen¬ 
erally  ductal  carcinomas,  papillary  carcinomas,  and  intraduc¬ 
tal  papillomas.10  The  comparative  biology  of  DMBA-induccd 
mammary  carcinomas  has  been  extensively  reviewed  by 
Russo  and  associates.10,21 

DMBA  is  highly  lipophilic  and  requires  metabolic  activa¬ 
tion  for  its  carcinogenicity.32  Several  tissues  arc  capable  of 
activating  DMBA,  and  these  include  the  mammary  gland. 
However,  there  also  is  extensive  hepatic  activation,  and  some 
of  the  ultimate  carcinogens  may  be  systemically  active.  Both 
liver  and  mammary  activation  may  be  important  in  these 
models.  The  potential  importance  of  hepatic  metabolism  is 
evident  from  the  observation  of  reduced  mammary  tumori- 
gencsis  in  animals  in  which  glucuronidation  is  blocked.33 
Hepatic  but  not  mammary  DMBA  activation  is  inhibited  by 
dietary  butylated  hydroxytoluene,  and  this  is  sufficient  to 
reduce  DMBA  binding  to  mammary  gland  DNA.34  The  abil¬ 
ity  of  direct  administration  of  DMBA  to  the  mammary  gland 
to  induce  mammary  tumors  provides  clear  evidence  of  the 
likely  importance  of  its  activation  within  the  gland.2133  Pri¬ 
mary  cultures  of  rat  mammary  epithelial  cells  also  arc  able  to 
metabolize  DMBA.36 

Coadministration  of  agents  that  alter  either  its  lipid 
biodisposition  or  its  hepatic/mammary  activation  can  influ¬ 
ence  subsequent  tumor  incidence.  However,  these  apparent 
effects  on  tumorigenicity  can  be  considered  artifactual, 
because  they  are  pharmacologic  effects  specific  to  the  car¬ 
cinogen.  The  potential  for  such  artifacts  requires  careful 
experimental  study  design  when  DMBA  is  used,  for  exam¬ 
ple,  in  studies  with  agents  that  could  alter  hepatic  function 
or  in  dietary  studies  that  use  high  fat.37  The  metabolism  of 
DMBA  was  reviewed  in  1997. 32 


N-Nitrosom  ethyl  urea 

The  ability  of  NMU  to  produce  mammary  tumors  was 
reported  by  Gullino  and  associates38  in  1975.  NMU  induces 
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mammary  carcinomas  in  rodents  when  administered  subcu¬ 
taneously  or  intravenously  at  50  mg  per  kg.  Tumor  incidence 
and  latency  are  comparable  to  that  observed  with  DMBA 
administration  and  also  exhibit  steroid  hormone  and  pro¬ 
lactin  responsiveness.39  Because  NMU  does  not  require 
metabolic  activation,  there  are  fewer  concerns  regarding 
coadministration  artifacts  than  for  DMBA.  However, 
approximately  75%  of  rodent  mammary  tumors  induced  by 
NMU  exhibit  altered  ras  expression/activation11  that  occurs 
during  initiation.40  The  incidence  of  altered  ras  expression 
in  human  breast  cancer  is  approximately  20%  and  represents 
rare  alleles  or  slight  overexpression,  or  both.41  Furthermore, 
its  role  in  human  breast  cancer  initiation,  promotion,  pro¬ 
gression,  or  a  combination  of  the  three  remains  unclear  41)42 
This  contrasts  with  the  high  frequency  of  ras  mutations 
observed  in  the  NMU-induced  rodent  tumors.11’40 

The  high  incidence  of  ras  activation  potentially  reduces 
the  use  of  NMU-induced  tumors  for  signal  transduction- 
mechanistic  studies,  because  there  is  a  high  probability  that 
ras/G  protein-mediated  pathways  will  predominate.  The 
high  incidence  of  activated  ras  increases  the  likelihood  that 
data  from  such  mechanistic  studies  could  be  heavily  skewed. 
Although  this  also  limits  studies  of  the  ability  of  agents  (e.g., 
tumor  promoters)  to  further  increase  the  incidence  of  ras 
expression,  it  may  prove  to  be  a  good  model  for  studying 
treatments  that  could  either  reduce  ras  expression  or  use  re¬ 
mediated  signal  transduction  pathways. 

Activation  of  ras  may  not  be  the  primary  effect  of  NMU. 
It  has  been  suggested  that  NMU-induced  tumors  arise  in 
cells  that  already  possess  the  activated  ras.43’44  One  possible 
interpretation  is  that  NMU  either  promotes  the  proliferation 
of  these  cells  or  it  induces  additional  mutations  that  gener¬ 
ate  the  fully  transformed  genotype,  or  both. 

VIRALLY  INDUCED  RODENT  MAMMARY  TUMORS 
Mouse  Mammary  Tumor  Virus-Induced  Tumors 

Several  mouse  strains  are  susceptible  to  infections  that 
subsequently  produce  mammary  tumors  (e.g.,  C3H,  CD1, 
RIII,  GR,  SHN,  BR6).  Neonatal  female  mice  are  infected 
with  MMTV  through  their  mother’s  milk.  Infected  female 
mice  of  susceptible  strains  develop  preneoplastic  hyperplas¬ 
tic  alveolar  nodules  that  are  generally  apparent  from  4 
weeks  of  age.  In  C3H/OuJ6  and  C3H/HeJ  mice,45  mammary 
tumors  begin  to  appear  at  24  to  28  weeks  of  age.  An  approx¬ 
imately  50%  incidence  in  mammary  tumors  is  achieved  in 
virgin  mice  by  approximately  35  weeks  of  age.6  Many  of  the 
MMTV  models  exhibit  a  strong  pregnancy-  or  progesterone- 
dependent  increase  in  incidence.46  In  common  with  the 
chemically  induced  rat  mammary  tumor  models  described 
previously,  these  models  also  exhibit  a  strong  prolactin 
dependence45  and  are  responsive  to  retinoids.46  Both 
oophorectomy  and  treatment  with  tamoxifen  also  induce 
regression  in  these  spontaneous  mammary  tumors.46  How¬ 


ever,  the  histology  of  many  of  these  mammary  tumors  is  not 
clearly  comparable  to  that  of  the  human  disease.  Atypical 
lobular  type  A  lesions  appear  similar  to  the  hypoplastic  alve¬ 
olar  nodules  that  arise  in  susceptible,  MMTV-infected 
mouse  strains 47  Metastasis  occurs  in  many  infected  ani¬ 
mals,  with  the  lungs  being  a  major  metastatic  site.48 

The  transforming  potential  of  MMTV  is  almost  cer¬ 
tainly  the  result  of  virally  induced  mutational  insertion.49 
MMTV  proviral  insertion  can  alter  the  expression  of  several 
genes.  These  include  int-HWnt-1  (mouse  chromosome  15), 
int-2lFG¥-3  (mouse  chromosome  7),  int-3  (mouse  chromo¬ 
some  17;  human  12ql3),  HST/FGF4  (mouse  chromosome; 
human  llql3),  Wnt-3  (mouse  chromosome  ll;human  17q21- 
22),  int-6  (mouse  chromosome  15;  human  8q22),  Wnt-lOb 
(mouse  chromosome  15;  human  12ql3),  and  FGF8  (mouse 
chromosome  19;  human  10q).48  The  most  common  insertions 
are  observed  at  the  int-1  and  int-2f¥G¥-3  loci 49  Different  tran¬ 
scriptional/translational  start  sites  and  polyadenylation  sites  in 
different  tissues  can  produce  expression  of  various  int-2! FGF- 
3  messenger  RNA  (mRNA)  species.  However,  each  of  these 
mRNAs  can  produce  the  same  protein  (reviewed  in  reference 
49).  Although  amplification  of  int-2 fFGF-3  and  hst/FGF-4  is 
observed  in  both  human  and  mouse  mammary  tumors  (e.g., 
approximately  30%  of  human  breast  tumors),  their  respective 
mRNAs  and  proteins  are  rarely  expressed  in  the  human  dis- 
ease.50~52  MMTV-induced  oncogene  activation  has  been 
reviewed  in  detail 48,49 


Polyoma-Induced  T\imors 

Mouse  polyoma  virus  can  induce  mammary  tumors  when 
infection  occurs  neonatally  and  when  infection  is  present  in 
immunodeficient  hosts.  Mammary  hyperplasia,  dysplasia, 
and  mammary  tumors  are  observed  in  female  mice  infected 
with  the  polyoma  WTA2  virus  at  6  weeks  of  age.53  Infected 
mammary  glands  exhibit  an  initial  epithelial  hyperplasia, 
followed  by  dysplasia  6  weeks  post  inoculum.  Glands  ulti¬ 
mately  develop  mammary  adenocarcinomas  of  ductal  origin 
(100%  incidence)  by  6  to  9  weeks  post  inoculum.  The  mid¬ 
dle  T  antigen  of  the  virus  also  has  been  successfully  used  to 
generate  a  transgenic  mouse  mammary  tumor  model.  All  of 
the  polyoma  virus-associated  models  produce  tumors  that 
are  histologically  comparable  to  mammary  ductal  adenocar¬ 
cinomas  in  humans.  Unlike  the  MMTV  and  chemically 
induced  rodent  models,  the  polyoma-induced  tumors  are 
ovarian  independent.53  Interested  readers  can  find  an  excel¬ 
lent  review  of  this  model  by  Fluck  and  Haslam.54 


Adenovirus-Induced  Tdmors 

One-day-old  Wistar-Furth  rats  (<24  hours  of  age)  inocu¬ 
lated  subcutaneously  with  human  adenovirus  type  9  develop 
benign  mammary  fibroadenomas,  phyllodes-like  tumors,  and 
solid  sarcomas.55,56  Palpable  mammary  lesions  develop  by  3  to 
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5  months  of  age,  with  the  benign  lesions  apparently  of  primar¬ 
ily  mammary  fibroblastic  origin,  as  determined  by  expression 
of  type  IV  collagen  and  vimentin.  Unlike  the  other  rodent 
mammary  tumor  models,  the  areas  of  neoplasia  are  of  myoep¬ 
ithelial  and  not  epithelial  origin,  as  indicated  by  their  contin¬ 
ued  expression  of  type  IV  collagen,  vimentin,  and 
muscle-specific  actin.  The  tumors  are  estrogen  responsive,  as 
indicated  by  an  oophorectomy-induced  inhibition  of  tumor 
development,  induction  by  diethylstilbestrol,  and  the  presence 
of  estrogen  receptor  (ER)  mRNA.55  The  adenovirus  tumors 
provide  a  novel  and  useful  model  of  mammary  fibroadenomas, 
which  are  relatively  common  benign  human  breast  lesions. 
This  model  has  been  reviewed  in  detail  by  Javier  and  Shenk.56 

HUMAN  TUMOR  XENOGRAFTS 

The  xenografting  of  human  tumors  into  athymic  nude 
mice  has  become  almost  routine.  However,  the  nude  mouse 
is  not  the  only  immune-compromised  rodent  available. 
Mutations  at  approximately  30  loci  have  been  shown  to  pro¬ 
duce  reduced  immune  function  in  mice.57  The  major  muta¬ 
tions  used  to  generate  hosts  for  xenografts  are  the  nude  (nu), 
beige  ( bg ),  severe  combined  immunodeficiency  (scid),  and 
X-linked  immunodeficiency  (xid).  Of  these,  the  scid  mouse 
is  generally  considered  to  exhibit  the  greatest  degree  of 
immunosuppression.  The  combined  bgfnufxid  mutation 
strain  (e.g.,  NIH  III)  also  produces  severely  immunocom¬ 
promised  animals  but  has  received  less  attention,  perhaps  as 
a  result  of  a  clotting  disorder  that  reduces  their  use  in  stud¬ 
ies  that  require  survival  surgery. 

Most  investigators  report  a  relatively  low  take  rate  when 
human  breast  tumor  biopsies  are  xenografted  directly  into 
immune-compromised  rodents.  This  low  rate  generally 
reflects  the  frequency  with  which  cell  lines  or  continuous 
xenografts  can  be  established.  For  many  purposes,  slow-grow¬ 
ing  tumors  are  of  limited  value,  and  primary  tumors  with  long 
doubling  times  have  often  been  discarded.  Sakakibara  and 
associates58  report  that  approximately  25%  of  primary  breast 
tumors,  when  xenografted  into  scid  mice,  exhibited  a  sufficient 
growth  rate  to  allow  for  repeated  passage  (i.e.,  tumors  reached 
a  2-  to  3-cm  diameter  within  6  months).  Metastasis  to  lung  or 
other  sites,  or  both,  was  observed  in  8  of  12  tumors.  The  gen¬ 
eration  of  reproducibly  metastatic  models  is  an  important  goal, 
because  relatively  few  well-characterized  metastatic  models 
are  available.  However,  new  models  are  occasionally  reported. 
Mehta  and  colleagues59  recently  described  an  endocrine- 
responsive  metastatic  xenograft  (UISO-BCA-NMT-18).  It  is 
hoped  that  the  new  metastasis  models  will  be  fully  character¬ 
ized  and  sufficiently  distributed  so  that  their  uses  will  rapidly 
become  apparent. 

Human  breast  cancer  cell  lines  inoculated  into  nude  mice 
represent  the  majority  of  human  breast  tumor  xenograft  mod¬ 
els.  However,  relatively  few  xenografts  have  been  in  regular 
and  widespread  use  other  than  MCF-7  (endocrine-responsive) 
and  MDA-MB-231  (endocrine-unresponsive)  cells.  In  part, 


this  reflects  the  low  success  rate  for  establishing  human  breast 
tumors  either  directly  as  xenografts  or  as  stable  established 
cell  lines  in  vitro . 

Despite  the  ability  to  apply  selective  pressures  that  result 
in  variants  with  altered  endocrine  responsiveness,60"62  the 
majority  of  endocrine-responsive  xenografts  are  phenotypi- 
cally  stable,  at  least  with  respect  to  biologically  important 
characteristics  (e.g.,  tumorigenicity,  steroid  hormone  recep¬ 
tor  expression,  hormone  responsiveness).  We  have  not 
observed  any  spontaneous  loss  of  estrogen  dependence  in 
MCF-7  cells  (estrogen  receptor  positive,  estrogen  depen¬ 
dent),  gain  of  estrogen  responsiveness  in  MDA-MB-435 
cells  (estrogen  receptor  negative,  estrogen  unresponsive),  or 
alteration  in  estrogen  responsiveness  of  MCF7/MIII  cells 
(estrogen  receptor  positive,  estrogen  independent,  estrogen 
responsive)  maintained  routinely  in  our  laboratory  in  the 
absence  of  selective  pressures.  Indeed,  the  major  phenotypic 
characteristics  of  hormone  responsiveness,  hormone  recep¬ 
tor  expression,  anticstrogen  responsiveness,  tumorigenicity, 
and  metastatic  potential  remain  remarkably  stable  in  the 
majority  of  human  breast  cancer  cell  lines.  The  stability  of 
human  tumor  xenografts  is  widely  reported  (reviewed  in  ref¬ 
erence  63).  Some  minor  phenotypic  diversity  is  observed 
between  laboratories  and  is  not  surprising,  because  some  of 
these  cell  lines  have  been  in  continuous  culture  for  more 
than  15  years.  Nevertheless,  these  models  have  the  advan¬ 
tages  of  being  human  in  origin  and  relatively  reproducible 
with  regard  to  their  endocrine  responsiveness  and  metastatic 
potential.  A  description  of  the  characteristics  of  the  major 
xenografts  is  provided  in  Table  1. 

Many  studies  of  endocrine  agents,  or  of  use  of  endocrine- 
responsive  xenografts,  are  performed  in  oophorectomized 
mice.  The  levels  of  circulating  estrogens  in  these  animals  are 
very  low  and  approximate  the  levels  found  in  post¬ 
menopausal  women 64  66  Because  the  major  endocrine- 
responsive  human  breast  cancer  cell  lines  (e.g.,  MCF-7, 
ZR-75-1 ,  T47D)  were  derived  from  tumors  in  postmenopausal 
women,67  the  endocrine  environment  of  the  oophorec¬ 
tomized  mouse  is  appropriate.  There  also  is  increasing  evi¬ 
dence  that  orthotopic  implantation  produces  tumors  with  a 
more  biologically  relevant  phenotype  and  greater  tumor  take 
rate.68-71  Despite  potential  differences  between  the  rodent 
mammary  fat  pad  environment  and  the  human  breast,10  the 
mammary  fat  pad  provides  an  appropriate  orthotopic  site  that 
is  readily  accessible.  Although  most  human  breast  cancer  cell 
lines  grow  adequately  in  almost  any  subcutaneous  site  (e.g., 
the  flank  is  widely  used),  inoculation  into  the  mammary  fat 
pad  is  the  preferred  site.  The  incidence  of  metastasis  from 
solid  breast  tumors  is  higher  when  the  primary  tumor  is 
orthotopic  rather  than  subcutaneous. 


Endocrine-Responsive  Xenografts 

Relatively  few  human  breast  cancer  xenografts  exhibit  an 
endocrine-responsive  phenotype,  and  all  are  estrogen  receptor 
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TABLE  1.  Characteristics  of  representative  transplantable  mammary  tumor  cells 


Cell  line 

Origin/derivation 

Estrogen  responsiveness 

Invasive/metastatic 

References 

MCF-7 

Human  breast  cancer  cell  line 

Dependent 

-/- 

73,184 

ZR-75-1 

Human  breast  cancer  cell  line 

Dependent 

185,186 

T47D 

Human  breast  cancer  cell  line 

Dependent 

-/- 

185,186 

MCF7/MIII 

MCF-7  variant 

Independent/stimulated 

+/± 

60,73 

MCF7/LCC1 

MCF-7  variant 

Independent/stimulated 

+/± 

73,79 

MCF7/LCC2 

MCF-7  variant 

Independent/stimulated 

ND 

61 

MCF7/LCC9 

MCF-7  variant 

Independent/stimulated 

ND 

187 

MCF7/MKS-1 

MCF-7  transfected  with  FGF-4 

independent/inhibited 

+/+ 

183 

MLa 

MDA-MB-231  transfected  with  ER 

Independent/inhibited 

ND 

87 

T61 

Human  xenograft 

Independent/inhibited 

ND 

188,189 

NCI/ADR-RES 

Selected  for  doxorubicin  resis¬ 

Independent/unresponsive 

-/- 

190,191 

(previously 

MCF-7ADR) 

MDA-MB-435 

tance.  It  is  no  longer  clear  that 
these  cells  are  of  MCF-7  origin 
Human  breast  cancer  cell  line 

Independent/unresponsive 

+/+ 

86 

MDA-MB-231 

Human  breast  cancer  cell  line 

Independent/unresponsive 

+/+ 

86 

Hs578T 

Human  breast  cancer  cell  line 

Independent/unresponsive 

+/± 

185 

ND,  no  data  available;  +,  phenotype  observed  reproducibly;  phenotype  rare;  ±,  phenotype  observed  occasionally 


positive.  There  are  two  categories  of  endocrine-responsive 
cells,  (a)  estrogen  dependent  and  (b)  estrogen  independent 
and  estrogen  responsive.72  The  estrogen-dependent  xenografts 
do  not  form  proliferating  tumors  in  the  mammary  fat  pads  of 
oophorectomized  immunodeficient  mice  without  estrogen 
supplementation,  generally  in  the  form  of  a  60-day  release, 
0.72-mg  17p-estradiol  pellet  placed  subcutaneously  in  the 
interclavicular  region.  Examples  of  estrogen-dependent 
xenografts  include  the  MCF-7,  ZR-75-1,  and  T47D  cell  lines. 
Most  of  the  estrogen-responsive  xenografts  produce  relatively 
well-differentiated  adenocarcinomas,73  are  inhibited  by 
tamoxifen,74-78  and  are  poorly  invasive  and  nonmetastatic.73 

Several  estrogen-independent  and  estrogen-responsive  vari¬ 
ants  have  been  derived  from  estrogen-dependent  cells  in  the 
authors’60,61’79  and  other  laboratories.62  These  variants  form 
proliferating  tumors  in  oophorectomized  immunodeficient  mice 
without  estrogen  supplementation.  However,  they  grow  more 
rapidly  in  the  presence  of  an  estrogen  pellet.60’79  Examples  of 
estrogen-independent  and  estrogen-responsive  xenografts 
derived  from  MCF-7  cells  include  MCF7/MIII,60  BSK-3,60’62 
MCF7/LCC1,79  and  MCF7/LCC2  (tamoxifen  resistant).61 

Analysis  of  the  growth  and  endocrine  responsiveness  of  the 
various  endocrine-responsive  xenografts  has  provided  useful 
information  on  the  biology  of  malignant  progression80’81  and 
cross-resistance  among  antiestrogen  therapies  61,72  For  exam¬ 
ple,  the  ability  to  isolate  estrogen-independent  cells  from 
estrogen-dependent  cells  indicates  a  possible  progression 
pathway  to  acquired  estrogen  independence  in  breast  tumors 
that  arise  in  postmenopausal  women.72,80,82 

MCF7/LCC2  cells  are  resistant  to  the  inhibitory  effects  of 
4-hydroxytamoxifen  when  growing  both  in  vitro  and  in 
vivo.61  However,  MCF7/LCC2  cells  are  not  cross-resistant 


to  the  steroidal  antiestrogens  ICI  182,78061  and  ICI 
164, 384.83  These  data  would  predict  that  patients  in  whom 
tamoxifen  has  induced  a  response  but  subsequently  failed 
would  respond  to  a  steroidal  antiestrogen.  Preliminary  data 
from  a  phase  I  trial  of  ICI  182,780  now  demonstrate 
responses  in  patients  in  whom  tamoxifen  has  failed.84  Thus, 
the  pattern  of  antiestrogen  responsiveness  exhibited  by  the 
MCF7/LCC2  cells  accurately  predicted  for  a  previously 
unknown  pattern  of  clinical  response. 

MCF-7  human  breast  cancer  cells  transfected  with  an 
expression  vector  directing  a  high  constitutive  expression  of 
FGF-4/kFGF  produce  highly  vascular  tumors  that  are  inhib¬ 
ited  by  physiologic  doses  of  estrogen  and  stimulated  by 
pharmacologic  doses  of  tamoxifen.31,85  The  inverse  response 
is  exhibited  by  the  parental  MCF-7  cells.77,78  However,  these 
tumors  produce  a  high  incidence  of  lung  and  lymphatic 
metastases.  Estrogen  receptor-negative  (estrogen  unrespon¬ 
sive)  and  metastatic  MDA-MB-23 1  cells86  transfected  with 
the  estrogen-receptor  gene  also  exhibit  an  estrogen-inhibited 
phenotype.87  These  cells  may  provide  potentially  novel 
breast  cancer  metastasis  models.  MCF-7  tumors  selected  in 
vivo  for  resistance  to  tamoxifen  also  exhibit  a  tamoxifen- 
stimulated/estrogen-inhibited  response  pattern.74,78 

The  relevance  of  the  inverted  endocrine  responsiveness  of 
these  models  to  the  human  disease  is  not  immediately  appar¬ 
ent.  Tumors  inhibited  by  physiologic  estrogen  concentra¬ 
tions  may  not  arise  frequently,  because  most  breast  tumors 
appear  to  contain  physiologic  concentrations  of  estrogens, 
irrespective  of  menopausal  status.88  Pharmacologic  doses  of 
estrogens  produce  remissions  in  hormone-responsive  breast 
tumors,89,90  and  there  is  no  clear  evidence  that  either  physi¬ 
ologic  estrogen  doses  or  hormone  replacement  therapy  pro- 


324  /  Pathogenesis  of  Breast  Cancer 


duces  remissions  in  postmenopausal  patients  with  breast 
cancer.  Indeed,  hormone  replacement  therapy  is  associated 
with  a  modest  increase  in  the  risk  of  breast  cancer.18  How¬ 
ever,  these  models  do  suggest  that  withdrawal  responses  to 
tamoxifen  may  occur  more  frequently  than  has  been  previ¬ 
ously  reported.  Despite  the  estimation  that  the  total  exposure 
to  tamoxifen  between  1 97 1  and  1 988  was  more  than  1 .5  mil¬ 
lion  patient-years,91  and  is  now  in  excess  of  8  million 
patient-years,  reports  of  tamoxifen  withdrawal  responses  are 
relatively  rare89,92,93  and  often  represent  individual  case  his¬ 
tories.94"96  This  issue  will  remain  controversial  until  suffi¬ 
cient  clinical  trials  are  conducted  to  specifically  address  the 
actual  frequency  of  withdrawal  responses  to  tamoxifen. 

Endocrine-Unresponsive  Xenografts 

The  majority  of  human  breast  tumor  xenografts  are  estro¬ 
gen  receptor  negative  and  therefore  are  estrogen  unrespon¬ 
sive.  These  xenografts  also  tend  to  be  more  locally 
aggressive  and  exhibit  a  significantly  increased  metastatic 
potential.  Two  estrogen-unresponsive  xenograft  models 
(MDA-MB-231  and  MDA-MB-435)  are  capable  of  produc¬ 
ing  distant  metastases  in  an  apparently  reproducible  manner 
and  with  a  sufficient  incidence  to  be  of  use  in  the  study  of 
spontaneous  metastasis.86  The  MDA-MB-435  model  is  sen¬ 
sitive  to  dietary  manipulations.9798  We  have  isolated  an 
ascites  variant  of  these  cells  (MDA435/LCC6),  which  is  sensi¬ 
tive  to  a  variety  of  cytotoxic  drugs  with  proven  efficacy  in  the 
human  disease.99  More  recently,  we  have  isolated  an  estrogen- 
unresponsive  cell  line  (LCC15-MB)  from  a  bone  metasta- 
sis.100,101  Most  endocrine-unresponsive  xenografts  produce 
poorly  differentiated  tumors.  The  MDA-MB-231,  MDA-MB- 
435,  MDA435/LCC6,  and  LCC15-MB  cell  lines  can  produce 
metastases  in  immunodeficient  mice. 


Immunodeficient  Mouse  Models 

We  have  previously  reviewed  the  immunodeficiencies  of 
the  most  widely  used  xenograft  hosts.102  These  are  discussed 
only  briefly  here.  Mice  that  are  homozygous  for  the  nude 
(nu)  mutation  are  athymic103  and  exhibit  a  defect  in  thymic- 
dependent  B-cell  maturation  but  possess  apparently  normal 
virgin  B  cells.104  Primary  responses  to  T-dependent  antigens 
are  low105  and  may  be  reversed  by  reconstitution  of  the  mice 
with  T  cells.106108  Serum  immunoglobulin  M  (IgM)  levels 
are  similar  to  those  of  their  heterozygote  littermates.109 
However,  there  is  a  significant  decrease  in  the  number  of 
cells  making  IgG  and  IgA.107  Despite  their  ability  to  main¬ 
tain  human  tumor  xenografts,  nude  mice  retain  considerable 
immunity.  For  example,  they  possess  substantially  greater 
numbers  of  natural  killer  (NK)  cells  than  comparable  het¬ 
erozygotes,  and  this  may  contribute  to  the  relatively  low 
incidence  of  metastases  from  human  tumor  xenografts. 1 101 1 1 
Nude  mice  possess  a  relatively  normal  primary  response  to 


T  cell-independent  antigens,109  and  their  splenocytes  gener¬ 
ate  lymphocyte-activated  killer  (LAK)  cells  at  levels  similar 
to  those  observed  in  normal  mice.112  The  levels  of 
macrophages  are  equivalent  in  nu/mi  and  nu/+  mice  and  fre¬ 
quently  exhibit  tumoricidal  properties.113 

The  scid  mutation  is  one  of  the  few  single  mutations  that 
produce  viable  severely  immunodeficient  mice.  It  causes  a 
deficiency  in  the  rearrangement  of  genes  coding  for  antigen- 
specific  receptors  on  B  and  T  cells.114  Prc-B  and  B  cells  are 
absent,  and  the  remaining  T  cells  are  nonfunctional.  However, 
myeloid  lineage  cells  appear  normal.1 15,116  Homozygotes  gen¬ 
erally  have  no  detectable  levels  of  IgGs  2a,  2b,  and  3a57  and 
IgA.117  Some  individual  animals  produce  detectable  levels  of 
two  or  more  IgG  isotypes  or  IgM,  or  both.117  NK  cells, 
macrophages,1 18  and  LAK  activity  are  comparable  to  those  of 
normal  mice.112 

Several  immunodeficiency  mutations  have  been  combined 
to  produce  severely  immunodeficient  animals.  The  most 
widely  used  to  date  are  mice  that  bear  the  combined  bg/nu/xid 
mutations  (e.g.,  NIH  III).119  The  bg  mutation  produces  a  sig¬ 
nificant  block  in  NK  function.120121  This  is  in  marked  contrast 
to  the  increased  NK  activity  observed  in  mice  that  are  homozy¬ 
gous  for  the  mi  mutation.110*1 1 1  The  bg  mutation  also  produces 
functional  defects  in  T  cells,  macrophages,  and  granulocytes.57 
The  a id  mutation  in  males  (xidf Y)  and  homozygous  females 
produces  mice  that  cannot  generate  a  humoral  response  to 
thymus-independent  type-II  antigens.57*122  In  the  bg/nu/xid 
combination,  the  nu  mutation  produces  mice  that  are  deficient 
in  mature  T  cells;  the  xid  mutation  produces  a  deficiency  in 
mature  B  cells123*124;  and  the  bg  mutation  reduces  the  elevated 
NK  activity  conferred  by  the  nu  mutation. 120  ,21  However, 
some  NK  activity  remains  detectable.78*1 19  The  bg/nu/xid  strain 
is  deficient  in  B-cell  and  T-cell  activities  and  cannot  produce 
detectable  LAK  activity.119  Mice  that  are  homozygous  for  bg 
also  exhibit  a  clotting  deficiency  due  to  a  platelet  disorder.  This 
latter  characteristic  can  be  problematic  in  the  bg/nu/xid  mice  if 
the  experimental  design  requires  survival  surgery  (e.g., 
oophorectomy). 

Endocrine  Effects  on  Immune  Function 

Endocrine  treatments  are  known  to  modulate  immune 
function  both  in  immunodeficient  mice  and  in  humans. 
Estrogen  receptors  have  been  demonstrated  on  peripheral 
blood  mononuclear  cells,  splenic  cells,  thymic  cells,125  and 
CD8+  T  cells.126*127  Estrogens  can  alter  B-cell  function  and 
increase  IgM  secretion.128  Inhibition  of  T-suppressor  func¬ 
tion  and  T-helper  maturation  also  have  been  reported.1 29,1 30 
Physiologic  concentrations  of  estrogen  stimulate  pokeweed 
mitogen-induced  Ig  synthesis  of  B  lymphocytes.129*131  Phar¬ 
macologic  administration  of  the  progestin  medroxyproges¬ 
terone  acetate  results  in  a  reduced  T4+/T8+  ratio,  perhaps  as 
a  result  of  its  glucocorticoid  activity.132  The  progestagen 
lynestrenol  has  been  reported  to  stimulate  active  T  resetting 
and  phagocytosis  by  monocytes.133 
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The  number  of  macrophages  does  not  appear  to  be  signifi¬ 
cantly  modulated  by  E2  in  nude  mice,134  but  there  are  several 
reports  of  altered  NK  cell  activity.  Pharmacologic  but  not  phys¬ 
iologic  concentrations  of  E2  inhibit  NK  activity  in  athymic 
nude  mice.134"137  The  effect  of  pharmacologic  concentrations 
of  E2  is  biphasic;  a  stimulation  of  NK  activity  occurs  within  the 
first  30  days,  with  inhibition  being  observed  thereafter.135  The 
delay  in  detecting  an  E2-induced  suppression  of  NK  activity 
has  been  widely  reported.134-137  E2-induced  effects  on  NK 
activity  are  unlikely  to  be  responsible  for  E2’s  effects  on  breast 
tumor  cell  growth  in  vivo.  The  majority  of  breast  tumor 
xenografts  produce  readily  palpable  tumors  within  10  to  14 
days,  during  which  time  the  already  high  NK  activity  in  nude 
mice  is  further  elevated.135  Furthermore,  the  concentrations  of 
estrogens  reported  to  suppress  NK  activity  appear  to  exceed  the 
physiologic  concentrations  used  to  stimulate  MCF-7  hormone- 
dependent  breast  tumor  growth  in  nude  mice.60,64,138-140 

Tamoxifen  stimulates  NK  activity  both  in  vitro 141  and  in 
vivo.n  Other  antiestrogens  can  increase  pokeweed  mitogen- 
induced  Ig  synthesis  of  B  lymphocytes.142  The  aromatase 
inhibitor  aminoglutethimide  reduces  serum  estrogens  and 
increases  NK  activity  in  patients  with  breast  cancer.143 
Clearly,  there  are  significant  interactions  between  endocrine 
agents  and  effectors  of  cell-mediated  immunity.  The  isolation 
of  breast  cancer  cell  variants  with  differing  responsiveness  to 
both  hormonal  manipulations  and  immune  response  effectors 
will  greatly  improve  our  ability  to  determine  the  nature  of 
these  interactions  and  how  they  can  be  manipulated  to  ther¬ 
apeutic  advantage.  In  1998,  we  observed  that  the  tamox¬ 
ifen  resistance  of  the  MCF7/LCC2  cell  line  can  be  affected 
in  vivo  by  the  administration  of  blocking  transforming 
growth  factor  (TGF)-(3  antibodies,  which  appears  to  reflect 
up-regulated  secretion  of  TGF-p  sufficient  to  block  NK  cell 
lysis.144  This  suggests  that  the  endocrinologic  effects  of  some 
agents  may  have  important  immunologic  consequences  for 
some  breast  cancers. 

The  ability  of  endocrine  agents  to  perturb  several  effectors 
of  cell-mediated  immunity  requires  careful  consideration  for 
study  design.  For  example,  the  ultimate  reduction  in  NK 
activity  by  estrogens  (at  30  or  more  days)  depends  on  the 
dose  of  estrogen  used  and  the  length  of  the  analysis.  Long¬ 
term  in  vivo  experiments  of  both  more  than  6  weeks’  duration 
and  using  pharmacologic  doses  of  estrogens  could  be  influ¬ 
enced  by  perturbations  in  immunologic  function.  Although 
there  is  little  direct  evidence  to  the  contrary,  the  relatively 
low  estrogen  levels  (-300  pg/mL  estradiol)145  released  from 
the  widely  used  60-day  release,  0.72-mg  estrogen  pellets 
(Innovative  Research  of  America,  Toledo,  OH)  are  probably 
insufficient  to  suppress  NK  activity  to  a  level  at  which 
tumorigenicity  data  would  be  markedly  influenced. 

Use  of  Animal  Models  in  Drug  Screening 

A  major  use  of  the  human  xenograft  models  described 
previously  is  for  the  identification  of  new  drugs  or  evalua¬ 


tion  of  new  drug  combinations,  or  both.  In  general,  rela¬ 
tively  few  breast  cancer  models  have  the  characteristics 
most  widely  sought,  such  as  rapid  and  reproducible  tumor 
doubling  time.  Nonetheless,  several  models  are  included  in 
the  current  National  Cancer  Institute  in  vivo  screen  and 
appear  useful  in  this  context.  MCF-7  xenografts  are  often 
relatively  slow  growing  (compared  with  the  P388  or  LI 2 10 
mouse  models)  and  generally  do  not  produce  lethality 
within  an  acceptable  time  frame.  These  are  among  the  most 
widely  used  xenografts  and  are  particularly  helpful  in 
assessing  antiestrogenic  compounds.  Other  models  in  use 
include  the  T47D  (also  endocrine  responsive)  and  the 
HS578T,  BT-549,  MDA-MB-231,  and  MDA-MB-435  mod¬ 
els  (all  endocrine  unresponsive). 

There  are  several  important  considerations  in  the  use  of  ani¬ 
mal  models  for  drug  screening,  including  the  choice  of  xeno¬ 
graft,  host,  end  point,  and  data  analysis.  Several  of  these 
have  recently  been  described  in  detail.7,8  An  appropriate 
experimental  design  requires  some  consideration  of  the 
nature  and  quality  of  the  data  that  are  likely  to  be  obtained. 
One  of  the  more  important,  but  often  overlooked,  areas  is  in 
the  choice  of  numbers  of  animals  per  experimental  group. 
Most  institutional  animal  care  and  use  committees  now 
require  investigators  to  provide  a  realistic  estimate  of  their 
predicted  animal  usage  before  initiation  of  experimentation. 
The  most  effective  means  to  this  end  is  to  perform  an  appro¬ 
priate  statistical  power  estimation.  Group  size  must  be  suffi¬ 
cient  to  enable  statistical  analysis  of  the  data,  and  the  power 
estimate  should  ensure  that  power  is  maintained  should 
some  animals  die  from  unrelated  causes.  This  issue  is  dis¬ 
cussed  in  some  detail  by  Hanfelt.7 

The  major  end  points  for  assessing  drug  activity  include 
percentage  increased  life  span  and  tumor  growth  delay. 
Whereas  survival  studies  were  a  mainstay  of  anticancer  drug 
evaluation  for  decades,  they  are  becoming  less  common, 
largely  due  to  restrictions  in  the  use  of  death  as  an  experi¬ 
mental  end  point.  In  some  cases,  it  may  be  possible  to  sub¬ 
stitute  morbidity,  particularly  when  the  characteristics  of  the 
tumor  model  are  well  defined  and  the  animals  experience 
reproducible  and  predictable  morbidity  before  death.  This 
approach  can  still  allow  for  survival  studies  while  substan¬ 
tially  reducing  suffering.  The  most  common  approach  for 
data  analysis  is  the  use  of  standard  survival  analyses  (e.g., 
using  a  Kaplan-Meier  approach  with  the  log  rank  test). 

Generally,  tumor  growth  delay  studies  are  much  less 
stressful  for  the  animals  but  provide  essentially  comparable 
estimates  of  activity  to  other  types  of  studies.  For  these  stud¬ 
ies,  tumors  are  grown  to  a  predetermined  size,  and  animals 
are  randomized  into  groups  so  that  the  mean  tumor  size  is 
effectively  the  same  in  each  group.  Only  proliferating 
tumors  are  used,  and  all  selected  tumors  should  have  similar 
tumor  doubling  times.  In  principle,  growth  delay  is  the  dif¬ 
ference,  among  treated  and  untreated  groups,  in  the  times 
needed  for  tumors  to  reach  a  predetermined  size.  There  are 
several  ways  to  approach  data  analysis  from  such  studies. 
Survival  analysis  can  be  used,  because  these  are  essentially 
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time-to-event  analyses.  Repeated  measures  of  analyses  of 
variance  also  can  be  used,  particularly  if  a  larger  than 
expected  number  of  treated  tumors  fail  to  reach  the  prede¬ 
termined  size.78  For  cytostatic  treatments,  tumor  doubling 
times  can  be  estimated  and  compared  by  analysis  of  vari¬ 
ance  or  multivariate  analysis  of  variance.146 


TRANSGENIC  AND  TARGETED  MUTANT 
MOUSE  MODELS 

The  development  of  transgenic  and  targeted  mutant 
mouse  technologies  has,  over  the  last  few  years,  led  to  the 
development  of  a  number  of  new  animal  models  of  breast 
cancer.  The  nature  of  this  technology  makes  these  models 
particularly  useful  for  studying  the  impact  of  specific 
genetic  lesions  on  normal  mammary  development,  carcino¬ 
genesis,  and  tumor  progression,  and  often  a  single  model 
can  be  used  to  study  all  three  processes. 

In  a  typical  transgenic  model,  the  mice  have  been  geneti¬ 
cally  altered  so  that  the  expression  of  a  particular  gene— 
c-myc,  for  example — has  been  altered  in  some  way.  This 
might  include  increasing  the  expression  of  the  gene,  altering 
the  temporal  aspects  of  its  normal  regulation,  or  both.  A  new 
strain  of  transgenic  mice  is  often  generated  as  follows:  A 
DNA  expression  construct  is  prepared  in  which  sequences 
that  code  for  the  protein  of  interest  are  ligated  next  to  other 
sequences  (the  promoter)  that  will  drive  the  expression  of  the 
gene  in  the  manner  desired.  This  DNA  construct  is  then 
injected  into  one  of  the  pronuclei  of  single-cell  mouse 
embryos.  The  embryos  are  implanted  into  the  reproductive 
tract  of  pseudopregnant  female  mice  that  then  carry  the 
embryos  to  term.  In  a  proportion  of  the  resultant  pups 
(approximately  5%),  the  injected  DNA  will  have  become 
integrated  into  the  genome  and  be  passed  to  subsequent  gen¬ 
erations.147  If  the  DNA  construct  has  not  been  rearranged, 
otherwise  damaged  during  this  integration  event,  or  inte¬ 
grated  into  a  part  of  the  genome  where  expression  is  sup¬ 
pressed,  the  promoter  drives  the  expression  of  the  introduced 
gene.  The  choice  of  promoter  used  to  prepare  the  construct  to 
a  large  extent  determines  the  level,  site,  and  timing  of  trans¬ 
gene  expression.  Various  different  promoters  have  been  used, 
and  they  fall  into  three  basic  classes:  those  that  exhibit 
marked  tissue  specificity,  those  that  do  not,  and  those  in 
which  expression  can  be  regulated  by  external  manipulation. 

Although  there  are  transgenic  models  with  mammary  phe¬ 
notypes  that  have  used  nontissue-specific  promoters,148  many 
investigators  interested  in  breast  cancer  have  chosen  to  use 
promoters  that  predominantly  direct  expression  to  the  mam¬ 
mary  tissue.  There  are  a  number  of  such  promoters,  of  which 
two  have  proved  particularly  useful.  The  first  is  MMTV, 
which  consists  of  a  portion  of  the  MMTV  long  terminal 
repeat  (LTR)  that  directs  expression  in  the  adult  mouse  to  the 
mammary  glands,  salivary  glands,  and  several  other  secretory 
tissues.  Studies  with  MMTV-Cre  mice  have  shown  that  there 
can  be  widespread  low-level  expression  from  this  promoter. 


however.149  The  second  promoter  is  the  whey  acidic  protein 
(WAP)  promoter,  which  directs  expression  to  the  mammary 
gland  in  a  pregnancy-  and  lactation-dependent  manner.  High 
levels  of  expression  are  achieved  by  day  16  of  pregnancy, 
although  it  can  be  detected  by  approximately  day  10. 150  Despite 
this  dependence  on  pregnancy  and  lactation  for  maximal  pro¬ 
moter  activity,  in  some  models  there  is  sufficient  expression  in 
virgin  animals  for  a  phenotype  to  develop.151  Studies  with  WAP- 
Cre  mice  suggest  that  there  is  much  less  low-level  expression  in 
nonmammary  tissues  than  is  found  with  MMTV.149 

Other  promoters  that  have  been  used  include  the  ovine 
beta-lactoglobulin  promoter,  which  is  expressed  predomi¬ 
nantly  in  the  mammary  gland  during  lactation,  and  the  rat 
prostatic  steroid-binding  protein  C3(l)  promoter,  which 
directs  expression  to  the  prostate  and  mammary  gland.152 
Substantial  research  is  being  conducted  to  develop  other 
mammary-specific  promoters,  largely  with  the  goal  of  being 
able  to  produce  valuable  proteins  in  the  milk  of  farm  ani¬ 
mals.  As  these  promoters  are  developed  further,  they  may  be 
useful  for  making  transgenic  models  of  breast  cancer.153 
Inducible  promoters  have  also  been  used  in  transgenic 
model  systems,  specifically  a  system  based  around  the  tetra¬ 
cycline  operator  protein  and  a  system  based  on  the  receptor 
for  the  insect  hormone  eedysone. 154,155  In  both  systems,  the 
gene  of  interest  is  placed  under  the  control  of  a  promoter 
that  depends  for  function  on  the  presence  of  an  activator 
protein  (the  tetracycline  transactivator  protein  or  the 
eedysone  receptor).  In  the  eedysone  receptor  system, 
expression  is  then  induced  by  administering  a  ligand  for  the 
receptor.  The  tetracycline  system  can  be  engineered  such 
that  administration  of  tetracycline  either  induces  or 
represses  expression.  By  placing  the  gene  for  the  activator 
protein  under  the  control  of  a  mammary-directed  promoter, 
such  as  the  MMTV  promoter,  it  is  possible  to  obtain 
inducible  expression  of  the  gene  of  interest  in  the  salivary 
gland.156  Although  few  models  thus  far  have  made  use  of 
this  potentially  very  useful  technology,  a  study  in  which  the 
SV40  large  T  antigen  was  inducibly  expressed  in  the  mam¬ 
mary  gland  has  clearly  demonstrated  the  possibilities  of  this 
approach,  although  expression  in  the  mammary  gland  has 
been  problematic.157 

In  a  targeted  mutant  mouse  model,  a  specific  genetic 
lesion  has  been  introduced  into  the  genome  of  the  mice.  This 
could  include  the  deletion  of  a  gene  (knockout  mouse),  the 
introduction  of  a  specific  mutation,  or  the  substitution  of  the 
mouse  gene  for  the  human  gene,  producing  a  “humanized” 
mouse.  These  models  are  created  by  use  of  pluripotent 
embryonic  stem  cell  cultures.  These  cells,  when  introduced 
into  a  mouse  embryo,  become  integrated,  resulting  in  a 
mosaic  animal  in  which  some  of  the  cells  are  of  embryonic 
stem  (ES)  cell  origin.  If  the  ES  cells  make  up  the  gametes  of 
the  mouse,  then  any  genetic  changes  within  the  ES  cells  are 
passed  on  to  the  next  generation.  This  means  that  the  power¬ 
ful  genetic  techniques  (e.g.,  gene  deletion,  mutation,  substi¬ 
tution,  or  a  combination,  mediated  by  homologous 
recombination)  that  are  only  practicable  in  tissue  culture  sys- 
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terns  can  be  applied  to  animal  models.  Thus  far,  the  majority 
of  such  models  have  been  ones  in  which  a  gene  had  been 
knocked  out,  although  several  humanized  models  have  been 
created  that  may  prove  useful  in  the  study  of  breast  cancer. 
One  problem  with  the  majority  of  the  knockout  mice  made 
so  far  is  that  the  gene  is  disrupted  in  all  cells  from  the  time  of 
conception.  This  can  lead  to  problems  with  embryonic  lethal¬ 
ity,  as  is  the  case  with  BRCA-1  and  -2  knockout  mice,158  or 
with  difficulty  in  seeing  a  mammary  phenotype,  due  to  the 
rapid  death  of  the  animals  caused  by  another  malignancy.159 
The  use  of  the  Cre-Lox  recombinase  system  to  make  genetic 
alterations  in  vivo  that  are  specific  to  the  mammary  gland  by 
expressing  Cre  using  a  WAP  or  beta-lactoglobulin  promoter 
may  alleviate  both  problems  in  the  next  few  years.149160 

Transgenic  models  have  several  advantages  and  disadvan¬ 
tages  when  compared  with  other  animal  models  of  breast 
cancer.  One  of  the  principal  advantages  is  that  these  models 
allow  the  study  of  oncogenes  and  other  proteins  that  are 
believed  to  be  important  in  human  mammary  carcinogene¬ 
sis.  In  many  transgenic  models  that  use  oncogenes  relevant 
to  human  mammary  cancer,  the  tumors  that  result  are  histo¬ 
logically  similar  to  human  cancers.161’162  One  feature  of 
some  transgenic  mammary  tumor  models  can  be  seen  both 
as  a  technical  advantage  and  as  a  potential  deficit  in  terms  of 
relevance  to  the  human  disease.  In  some  models,  all  animals 
develop  tumors  with  almost  exactly  the  same  latency.163’164 
Clearly,  this  is  quite  different  than  the  natural  history  of  the 
disease  in  humans  but  can  be  extremely  helpful  when  these 
mice  are  used  in  cancer  prevention  studies  to  assess  the 
impact  of  some  anticancer  strategy.  Another  feature  of  trans¬ 
genic  systems  that  has  been  used  very  effectively  is  the  abil¬ 
ity  to  cross  two  transgenic  strains,  allowing  the  impact  of 
two  defined  genetic  insults  to  be  examined.164 

Transgenic  models  can  assist  in  bridging  the  gap  between 
in  vivo  and  in  vitro  studies,  because  they  can  be  used  as  a 
source  of  mammary  epithelial  and  mammary  cancer  cell 
lines  that  can  then  be  further  studied  and  indeed  reimplanted 
to  form  transgenic  mammary  glands.165  Transgenic  systems 
can  also  be  used  in  combination  with  carcinogens  to  study 
the  impact  of  a  specific  genetic  change  on  the  timing  and 
biology  of  the  tumors  that  are  produced.  For  example,  this 
method  has  been  used  to  investigate  the  impact  of  the  pres¬ 
ence  of  mutant  p53  on  the  effects  of  carcinogen  insult.166 

It  has  been  known  for  some  time  that  the  genetic  back¬ 
ground  of  the  transgenic  strain  can  have  a  significant  effect  on 
the  latency,  penetrance,  and  aggressiveness  of  the  phenotype 
that  a  given  transgene  produces.  For  example,  dramatic  dif¬ 
ferences  in  the  latency  of  tumor  formation  are  seen  when  the 
MMTV-polyoma  middle  T  transgene  is  bred  onto  different 
inbred  mouse  backgrounds.  These  systems  are  being  used  in 
attempts  to  clone  modifier  genes  that  may  be  relevant  to  the 
penetrance  issues  seen  in  human  disease  and  are  simplified  by 
the  relative  ease  of  doing  genetic  studies  in  mouse  models. 

Transgenic  models  of  breast  cancer  are  not  without  their 
disadvantages.  Some  of  the  mammary  tissue-specific  pro¬ 
moters  currently  available  require  parity  for  expression. 


However,  the  endocrine  environment  of  pregnancy  and  lac¬ 
tation,  and  the  resulting  physiologic  and  morphologic 
changes  that  concurrently  occur  in  the  mammary  gland,  can 
affect  phenotype  in  a  manner  that  does  not  directly  reflect 
the  activity  of  the  expressed  gene  in  nonpregnant  or  nonlac- 
tating  mammary  tissues.  Although  expression  of  some  genes 
can  be  restricted  to  the  mammary  gland,  it  can  be  difficult  to 
differentiate  among  endocrine  versus  local  effects  (e.g., 
autocrine,  paracrine)  when  the  transgene  is  a  secreted  factor. 
In  many  systems,  expression  of  the  transgene  in  utero  can 
adversely  impact  the  normal  development  of  the  gland.  We 
have  previously  alluded  to  the  importance  of  the  in  utero 
environment  in  affecting  subsequent  breast  cancer  risk. 
Some  transgenes  may  affect  normal  gland  development, 
producing  a  deformed  gland  from  an  early  age.167  This  is 
likely  to  be  different  than  most  sporadic  human  breast  can¬ 
cers,  in  which  oncogene  activation  presumably  occurs  as  the 
result  of  some  insult  after  normal  mammary  development. 
The  transgenic  models  may  more  closely  reflect  the  pattern 
of  familial  breast  cancer.  These  gland  abnormalities  also  can 
present  a  technical  problem,  with  some  female  mice  being 
unable  to  suckle  their  pups.152,167  It  is  likely  that  the  increas¬ 
ing  use  of  regulable  transgenic  models  will  circumvent  this 
problem. 

An  important  issue  to  consider  when  evaluating  a  trans¬ 
genic  system  is  the  possibility  that  the  integration  of  the 
transgene  into  the  mouse  genome  may  have  resulted  in  some 
form  of  insertional  mutagenesis.  This  could  be  considered 
analogous  to  the  insertional  mutagenesis  that  is  responsible 
for  MMTV-induced  neoplasia.  This  issue  is  usually 
addressed  by  assessing  the  phenotype  of  several  strains 
bearing  the  same  transgene  in  an  attempt  to  ensure  that  the 
pathology  seen  is  truly  the  result  of  transgene  expression. 

A  further  significant  difference  between  most  transgenic 
models  and  human  disease  is  that  the  transgene  is  usually 
expressed  in  most  or  all  of  the  mammary  epithelial  cells, 
whereas  it  is  usual  to  think  of  the  oncogenic  event  as  occur¬ 
ring  in  one  or  only  a  few  cells.  Tumors  can  be  multifocal, 
polyclonal,  or  both.  Polyclonality  is  rare  in  human  breast 
tumors.82  However,  this  also  may  apply  to  some  of  the  virus- 
and  chemical-induced  models,  in  which  it  is  likely  that  many 
cells  are  infected  or  exposed,  but  not  all  give  rise  to  tumors. 

The  concept  of  these  models  relies  to  some  extent  on  the 
ability  of  a  single  gene  to  produce  a  fully  neoplastic  pheno¬ 
type  that  would  include  initiation,  promotion,  and  progres¬ 
sion  events.  It  is  not  clear  that  cancer  is  a  single-gene/ 
single-hit  phenomenon  in  humans.  Thus,  these  models  per¬ 
haps  more  accurately  indicate  what  overexpression  of  a  sin¬ 
gle  specific  gene  can  do  rather  than  what  this  gene  does  in 
normal  versus  malignant  tissues.  The  basic  assumption  is 
that,  in  most  cases,  these  two  are  the  same.  Despite  the 
potential  limitations  inherent  in  transgenic  mouse  models, 
the  ability  to  express  an  oncogene  in  the  glandular  or  stro¬ 
mal  tissues,  or  both,  of  otherwise  normal  breast  tissues  pro¬ 
vides  a  unique  and  powerful  technique  to  address  the 
transforming  potential  of  individual  genes. 
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TABLE  2.  Characteristics  of  several  transgenic  models  that  affect  the  mammary  gland 


Transgene 

Promoter 

Background 

Phenotype 

References 

c-myc 

MMTV 

FVB 

50%  of  virgin  female  mice  develop  tumors  in  9-12  mo.  Incidence 
increased  and  latency  reduced  with  parity.  Mice  do  not  lactate 
well.  When  crossed  with  MT-TGF-a,  latency  was  reduced  to 

66  days  in  both  males  and  virgin  females. 

167  ■ 

164 

c-myc 

WAP 

FVB 

80%  of  mice  develop  tumors  after  pregnancy  (mean  latency, 

7  mo).  Some  metastasize  to  lungs. 

151 

TGF-a 

MT 

FVB 

64%  of  multiparous  women  develop  adenomas  and  adenocar¬ 
cinomas  that  are  preceded  by  hypoplastic  lesions.  Tumors  are 
rare  in  virgin  mice. 

148 

TGF-a 

WAP 

FVB 

100%  of  parous  mice  develop  tumors  with  variable  latency. 

Latency  reduced  and  tumors  seen  in  virgin  and  male  mice 
when  crossed  with  WAP-c-myc  mice. 

151 

TGF-a 

MMTV 

C57BL/DBA 

Females  develop  hyperplasia  throughout  the  mammary 
glands.  Sporadic  tumors  in  multiparous  animals.  No  abnor¬ 
malities  in  males. 

196 

Middle  T 

MMTV 

FVB 

In  situ  carcinoma  seen  at  3  wk.  All  male  and  female  mice  develop 
tumors  that  metastasize  to  lungs.  Metastasis  greatly  reduced 
when  mice  crossed  onto  plasminogen  knockout  background. 

163 

198 

ras 

MMTV 

CD1/C57BL 

20%  of  animals  have  hyperplasia  of  the  Harderian  glands. 

Sporadic  mammary  tumors  in  females  and  a  few  males. 

199 

neu 

MMTV 

FVB 

8-wk-old  virgin  females  have  hyperplastic  nodules  through  entire 
gland.  By  89  days  50%  of  females  have  tumors  and  50%  of 
males  by  1 14  days.  Multiple  tumors  arise  synchronously. 

200 

Mutant  p53 

WAP 

FVB 

Mice  show  normal  mammary  development,  rates  of  proliferation, 
and  apoptosis.  When  treated  with  DMBA,  latency  of  tumor 
formation  is  significantly  reduced. 

166 

SV40T 

C3(1) 

FVB 

Mammary  hyperplasia  seen  at  8  wk  progressing  through  a  DCIS- 
like  stage  to  cancer  by  approximately  16  wk.  Homozygous  mice 
lactate  poorly. 

152 

DCIS,  ductal  carcinoma  in  situ ;  DMBA,  7,12-dimethylbenz[a]anthracene;  MMTV,  mouse  mammary  tumor  virus;  MT,  metalloth- 
ionein;  WAP,  whey  acidic  protein. 


Table  2  summarizes  many  of  the  best-characterized  trans¬ 
genic  models  of  mammary  carcinogenesis.  It  is  not  intended 
to  provide  an  exhaustive  list  or  to  give  a  complete  descrip¬ 
tion  of  the  models  listed.  Rather,  it  is  meant  to  provide  some 
idea  of  the  diversity  of  mammary  phenotypes  that  have  been 
produced  and  to  give  a  feel  for  the  classes  of  transgene  that 
have  been  used.  Further  information  regarding  transgenic 
models  of  breast  cancer  can  be  found  at  the  Biology  of  the 
Mammary  Gland  web  site  (http://www.mammary.nih.gov/). 

USE  OF  ANIMAL  MODELS  FOR  OTHER  ASPECTS 
OF  BREAST  CANCER  RESEARCH 

These  animal  models  have  uses  that  go  beyond  studies  of 
biology  and  therapeutic  evaluation.  Diet  has  been  widely 
implicated  as  a  possible  contributor  to  breast  cancer  risk.  The 
chemically  induced  models  have  been  most  widely  applied  to 
these  studies  and  have  contributed  to  considerable  contro¬ 
versy  in  several  areas.  Perhaps  most  notable  has  been  the 
evaluation  of  dietary  fat  intake  as  a  risk  factor  for  breast  can¬ 
cer.  The  DMBA  and  NMU  models  have  consistently  demon¬ 
strated  sensitivity  to  the  promotional  effects  of  diets  high  in 
co-6  polyunsaturated  fatty  acids.  This  effect  was  further  con¬ 
firmed  in  two  metaanalyses  of  the  numerous  animal  studies 


in  this  field.168169  Rose  and  Connolly170  have  demonstrated 
the  ability  of  these  fatty  acids  to  increase  the  metastatic 
potential  of  human  breast  cancer  xenografts.  Data  from 
human  studies  have  been  less  consistent.  Most  migrant,  inter¬ 
national,  and  case  control  studies  have  produced  data  consis¬ 
tent  with  the  modest  effects  seen  in  the  animal  models.171172 
Cohort  studies  have  been  less  consistent,  with  the  majority 
failing  to  find  such  an  association.  In  our  rodent  studies,  we 
found  that  in  u tern  exposure  to  the  co-6  polyunsaturated  fatty 
acids  can  significantly  affect  breast  cancer  risk  in  female  off¬ 
spring.173  This  suggests  that  the  timing  of  exposure  may  be 
critical.  In  contrast  to  the  potentially  promotional  effects  of 
the  co-6,  there  is  evidence  that  the  co-3  polyunsaturated  fats 
may  reduce  breast  cancer  risk.174  Consumption  of  a  diet 
higher  in  the  co-3  versus  the  co-6  polyunsaturated  fatty  acids 
is  more  common  in  Eastern  than  in  Western  populations. 

Other  dietary  components  that  have  received  significant 
attention  include  soy  and  several  vitamins  and  analogues 
thereof.  Soy  contains  several  potentially  active  compo¬ 
nents,  including  the  isoflavones  (e.g.,  genistein),  Bowman- 
Birk  protease  inhibitor,  and  a  relatively  beneficial  balance 
of  co-3  to  co-6  fatty  acids.  The  isoflavones  have  received  the 
most  attention.  These  data  suggest  that  dose  and  timing  are 
critical.  Exposure  in  xenograft  models  of  postmenopausal 
breast  cancer  suggests  an  estrogenic  effect  that  increases 
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the  risk  of  breast  cancer.175  A  similar  effect  has  been 
reported  for  in  utero  exposure.176  In  contrast,  exposure  in 
the  normal  prepubertal  gland177  and  exposure  in  the  chem¬ 
ically  induced  models  (probably  reflective  of  relatively 
early  neoplastic  disease)  can  reduce  breast  cancer  risk.178 
Several  studies  have  suggested  that  the  Bowman-Birk  pro¬ 
tease  inhibitor  may  be  the  active  component  against  breast 
and  other  cancers  (reviewed  by  Kennedy179).  However, 
Barnes  and  associates180  report  that  soy  retains  its  chemo- 
preventive  activity  after  autoclaving,  a  process  that  was 
expected  to  inactivate  soy  protease  inhibitors  but  not  the 
isoflavones.180 

Retinoids  and  analogues  of  vitamin  A  continue  to  attract 
increasing  attention,  both  as  chemopreventive  strategies  and 
as  new  therapeutic  modalities  for  breast  cancer.  When 
administered  in  the  diet,  both  retinyl  acetate  and  N-( 4- 
hydroxyphenyl)retinamide  reduce  chemically  induced 
mammary  carcinogenesis.181  This  latter  compound  is  cur¬ 
rently  under  evaluation  as  a  chemopreventive  agent  for 
breast  cancer  in  a  large  study  in  Italy. 

CONCLUSION 

Many  models  for  the  study  of  breast  cancer  are  available 
to  the  interested  investigator.  Each  has  its  own  advantages 
and  disadvantages,  and  these  should  be  clearly  weighed  and 
evaluated  before  their  use.  Because  none  of  the  models 
accurately  reflects  every  aspect  of  the  human  disease,  some 
studies  may  require  the  use  of  more  than  one  model. 

There  are  two  areas  in  which  more  models  are  needed.  Cur¬ 
rently,  there  are  relatively  few  human  xenograft  models  that 
are  ER  positive  and  E2  dependent.  Because  this  represents  an 
early  phenotype,  the  ability  to  study  malignant  progression  is 
restricted.  There  also  are  few  reproducible  metastatic  models 
of  breast  cancer,  particularly  ER  positive  and  E2  dependent. 
The  MDA-MB-231  and  MDA-MB-435  xenografts  are  ER 
negative,182  and  the  MCF7/FGF4  transfectants  are  E2  inhib¬ 
ited  and  tamoxifen  stimulated.183  We  described  a  model 
derived  from  a  bone  metastasis  that  has  a  preference  for 
metastasis  to  bone  when  inoculated  into  the  heart.100101  How¬ 
ever,  additional  metastasis  models  are  required. 

Although  relatively  new  in  terms  of  their  use  in  breast 
cancer  research,  the  polyoma  and  adenovirus  models  may 
provide  us  with  new  and  important  models  for  breast  cancer 
research.  Their  further  evaluation  as  models  and  their  simi¬ 
larities  and  differences  to  the  human  disease  should  be 
clearly  defined.  If  appropriate,  they  also  could  become  an 
important  component  of  our  collection  of  animal  models  of 
breast  cancer. 
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In  Vitro  Models 


Robert  Clarke,  Fabio  Leonessa,  W.  Nils  Brunner,  and  Erik  W.  Thompson 


Breast  cancer  cells  that  grow  in  vitro  represent  one  of  the  most 
widely  used  experimental  models  of  breast  cancer.  For  many 
studies,  these  models  provide  the  only  means  to  address  a  spe¬ 
cific  hypothesis.  Most  breast  cancer  cell  lines  can  easily  be 
maintained  and  studied  in  vitro ,  and  are  generally  stable  with 
respect  to  their  endocrine  responsiveness  in  vitro  and  in  vivo. 
The  current  understanding  of  how  breast  cancer  cells  respond 
to  estrogenic  stimuli  is,  in  no  small  part,  the  direct  result  of  in 
vitro  studies  with  human  breast  cancer  cell  lines. 

Breast  cancer  cell  lines  are  generally  considered  in  terms  of 
their  estrogen-receptor  (ER)  content — that  is,  whether  they  are 
estrogen  receptor-positive  (ER+)  or  estrogen  receptor-negative 
(ER-).  This  classification  largely  reflects  the  clinical  value  of 
steroid  hormone  expression  in  predicting  response  to  endocrine 
therapy.  However,  other  characteristics  of  human  breast  tumors 
that  tend  to  follow  ER  status  are  frequently  exhibited  in  a  sim¬ 
ilar  pattern  by  cell  lines  growing  in  vitro  and  in  vivo.1 

A  detailed  and  inclusive  review  of  all  breast  cancer  cell 
lines  and  their  origins,  characteristics,  and  uses  is  beyond  the 
scope  of  this  chapter.  Consequently,  the  chapter  focuses  pri¬ 
marily  on  the  most  widely  used  cell  lines,  some  of  their  vari¬ 
ants,  and  those  models  expressing  characteristics  that  closely 
reflect  many  of  the  properties  of  breast  tumors  in  patients. 
Also  included  is  a  brief  description  of  cell  lines  that  have 
more  unique  properties  or  that  are  best  suited  to  specific 
studies,  such  as  endocrine  regulation  or  expression  of  growth 
factors  or  oncogenes.  The  parental  cell  lines  are  readily  avail¬ 
able  (e.g.,  several  are  available  through  the  American  Type 
Culture  Collection  in  Rockville,  Maryland),  and  the  variants 
can  generally  be  obtained  from  their  respective  originators. 
For  a  more  detailed  description  of  the  characteristics  of  sev¬ 
eral  of  these  cell  lines,  the  reader  is  referred  to  the  review  by 
Engel  and  Young.2  Although  more  than  two  decades  old,  this 
review  provides  valuable  information  on  the  origin  and  char- 
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acteristics  of  22  breast  cancer  cell  lines.  The  inclusion  of  the 
original  citations  for  almost  all  of  these  cell  lines  provides  a 
valuable  reference  for  the  interested  reader. 

ESTROGEN-DEPENDENT  (ER+/PR+) 

BREAST  CANCER  CELL  LINES 

Approximately  30%  of  all  breast  cancer  patients  respond 
to  endocrine  manipulation.  The  overall  response  rate  to 
antiestrogens  increases  to  70%  or  more  in  patients  whose 
tumors  express  both  the  estrogen  receptor  (ERs)  and  prog¬ 
esterone  receptor  (PR).3-5  To  define  the  mechanism  of 
action  of  endocrine  therapies  and  to  develop  and  screen 
new  agents  and  therapies  require  models  that  exhibit  an 
endocrine  response  profile  comparable  to  that  found  in 
breast  cancer  patients.  In  this  regard,  the  steroid-dependent 
breast  cancer  cell  lines  have  been  most  useful  in  studying 
the  growth-inhibitory  effects  of  estrogens,  antiestrogens, 
progestins,  and  antiprogestins.  These  cell  lines  are  charac¬ 
terized  by  a  dependence  on  estrogens  for  growth  in  vitro  or 
in  vivo  and  by  sensitivity  to  the  growth-inhibitory  effects  of 
antiestrogenic  and  progestational  drugs.  In  general,  steroid- 
dependent  cell  lines  are  poorly  invasive  and  nonmetastatic 
in  athymic  nude  mice. 

MCF-7 

The  MCF-7  cell  line  is  the  most  widely  used  and  best  char¬ 
acterized  of  all  the  human  breast  cancer  cell  lines.  The  mito¬ 
genic  effects  of  17p-estradiol  (E2)  in  human  breast  cancer 
cells  in  vitro  were  initially  defined  in  these  cells,  as  were  the 
in  vitro  inhibitory  effects  of  antiestrogens. 6>7  MCF-7  cells  also 
are  growth  inhibited  by  luteinizing  hormone-releasing  hor¬ 
mone  (LHRH)  analogues8  and  retinoids.9-1 1  The  now  widely 
reported  E2  dependence  for  exponential  growth  both  in  vitro 
and  in  vivo  has  provided  this  cell  line  with  a  central  role  in  the 
study  of  endocrine  responsiveness  and  malignant  progression 
in  vitro.  Much  of  the  current  understanding  of  the  mechanism 
of  action  of  estrogens  and  antiestrogens  and  their  role  in  reg¬ 
ulating  the  proliferation  of  hormone-dependent  breast  cancer 
cells  has  been  derived  from  work  performed  using  this  cellu¬ 
lar  model.  Consequently,  a  full  and  detailed  discussion  of  all 
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the  data  generated  using  MCF-7  cells  alone  is  beyond  the 
scope  of  this  chapter. 

MCF-7  cells  were  established  from  a  pleural  effusion  arising 
in  a  postmenopausal  woman  with  breast  cancer.  The  patient  had 
received  radiotherapy  and  endocrine  therapy  before  the  appear¬ 
ance  of  the  effusion.12  In  addition  to  the  expression  of  ER, 12,13 
MCF-7  cells  express  an  E2-inducible  PR1314  and  cellular 
receptors  for  androgens,13  LHRH,8,15  glucocorticoids,13 
insulin,16  retinoic  acid  receptors  (RAR-a  and  RAR-y),17  and 
prolactin.18  The  expression/secretion  of  several  growth  factors 
and  their  receptors  also  has  been  described  in  detail,  including 
the  insulinlike  growth  factors  (IGFs), 19-22  type  I  and  type  II  IGF 
receptors,22-24  and  several  IGF  binding  proteins25-27;  trans¬ 
forming  growth  factor  a  (TGF-a)  and  epidermal  growth  factor 
receptor  (EGFR)28-30;  several  fibroblast  growth  factors 
(FGFs)31  and  FGF  receptors32;  and  platelet-derived  growth  fac¬ 
tor  (PDGF)  but  not  PDGF  receptors.33  The  expression  of  many 
of  these  growth  factors,  and  their  respective  receptors,  is 
strongly  E2  regulated  in  MCF-7  cells.34  The  expression,  secre¬ 
tion,  and  regulation  of  this  wide  variety  of  receptors  and  ligands 
has  made  the  MCF-7  cells  a  valuable  model  for  the  study  of  the 
role  of  growth  factor  and  growth  factor  receptor  expression  in 
the  proliferation  of  breast  cancer  cells. 

The  E2  dependence  for  growth,  antiestrogen  sensitivity,  and 
low  metastatic  potential  of  MCF-7  cells  has  led  to  the  hypoth¬ 
esis  that  they  represent  an  “early”  breast  cancer  phenotype.35*36 
MCF-7  cells  are  an  excellent  model  in  which  to  study  the 
process  of  malignant  progression,  because  they  can  be  sub¬ 
jected  to  appropriate  endocrinologic  and  physiologic  selective 
pressures  for  the  derivation  of  variants  with  more  progressed 
phenotypes.  For  example,  the  estrogenic  requirement  for 
tumorigenicity  in  immunocompromised  mice  has  been  used  to 
select  for  E2-independent  MCF-7  variants  (see  below  and 
Chapter  22).  Variants  have  also  been  selected  for  antiestrogen 
resistance,  and  the  extent  of  induced  cross-resistance  among 
structurally  diverse  antiestrogens  has  been  determined. 

T47D 

T47D  cells  were  established  by  Keydar  et  al.  from  a  54- 
year-old  patient  with  an  infiltrating  ductal  carcinoma.37  The 
cells  express  ER,  PR,  androgen,  glucocorticoid,37  and  insulin 
receptors.38  Approximately  60%  of  the  original  cell  line 
expressed  casein.37,39  The  T47D  cells  are  perhaps  most 
notable  for  their  high  levels  of  PR  and  their  remarkable 
genetic  and  phenotypic  instability.40"43  Furthermore,  these 
cells  exhibit  significant  growth-regulatory  responses  to  prog¬ 
estational  agents.4445  Not  surprisingly,  T47D  cells,  and  sev¬ 
eral  T47D  variants  that  have  been  obtained,  represent  the 
major  in  vitro  human  breast  cancer  models  for  the  study  of  the 
antiproliferative  effects  of  progestins  and  antiprogestins  and 
the  regulation  of  PR  expression.42"46  T47D  cells  also  express 
RAR-a  and  RAR-y17  and  are  sensitive  to  the  growth- 
inhibitory  effects  of  retinoids  and  antiestrogens.9,10 

The  remarkable  genetic  instability  of  the  T47D  cells  stands 
in  contrast  to  the  other  ER+/PR+  human  breast  cancer  cell 
lines.  Subtle  differences  in  the  phenotypic  characteristics  of  all 


of  the  ER+/PR+  cell  lines  are  observed  from  laboratory  to  lab¬ 
oratory.  However,  these  differences  rarely  extend  to  the  pattern 
of  expression  of  steroid  hormone  receptors,  metastatic  poten¬ 
tial,  antiestrogen  responsiveness,  the  estrogen  supplementation 
required  for  in  vivo  tumorigenicity,  or  metastatic  potential. 
These  are  the  major  phenotypic  characteristics  of  hormone-  * 
responsive  breast  cancer  cells.34-36  In  cases  in  which  signifi¬ 
cant  divergent  phenotypic  responses  in  other  ER+/PR+  cel1 
lines  are  observed,  these  divergences  are  almost  always  the  f 
result  of  an  imposed  selective  pressure  (i.e.,  in  vivo  or  in  vitro 
growth  in  the  absence  of  E2,  selection  for  cytotoxic  drug  resis¬ 
tance).  For  example,  no  bona  fide  spontaneous  ER-  or  PR- 
MCF-7  or  ZR-75-1  cell  lines  have  been  described  in  detail, 
other  than  those  generated  by  the  imposition  of  selective  pres¬ 
sures.  In  marked  contrast,  simple  dilution  cloning  can  produce 
T47D  variants  with  fundamentally  altered  endocrine  respon¬ 
siveness,  (e.g.,  ER-/PR+,  estrogen  unresponsivcncss,  and 
antiestrogen  resistance).40"12  Many  of  these  variants  are  unsta¬ 
ble  and  readily  revert  to  the  wild-type  phenotype.40'43  Other 
T47D  variants  (e.g..  the  ER-/PR+  T47DC0)  have  been  stable 
for  many  years. 

ZR-75-1 

ZR-75-1  cells  were  first  described  by  Engel  et  al.  in  1978.47 
They  were  established  from  an  ascites  that  developed  in  a  63- 
year-old  woman  with  an  infiltrating  ductal  breast  carcinoma. 
This  patient  had  been  receiving  tamoxifen  (tamoxifen  citrate) 
for  3  months  before  the  time  when  cells  were  removed  to 
establish  the  ZR-75-1  cell  line.47  Although  the  ZR-75-1  cells 
are  ER+/PR+  cells47,48  and  are  growth  stimulated  by  estrogens 
and  inhibited  by  antiestrogens  in  vitro , 47,49  the  patient  did  not 
respond  to  tamoxifen.47  The  expression  of  ER  is  up-regulated 
by  interferons  in  these  cells,  and  treatment  with  interferon  2a 
can  increase  sensitivity  to  tamoxifen.48  ZR-75-1  cells  exhibit 
an  eightfold  overexpression  of  c-erb-b2  messenger  RNA 
(mRNA)  relative  to  normal  fibroblasts.50  This  overexpres- 
sion  is  E2  regulated  in  ZR-75-1  cells,  a  down-regulation 
being  associated  with  E2-induced  cell  proliferation.51 
Tamoxifen-resistant  and  hormone-independent  ZR-75-1  vari¬ 
ants  have  been  described.49*52  53 

ZR-75-1  cells  also  express  androgen  and  glucocorticoid 
receptors54  and  are  growth  inhibited  in  vitro  by  progestins54,55 
and  somatostatin  analogues.56  They  express  the  RAR-a  and 
RAR-y  retinoic  acid  isoforms17  and  arc  growth  inhibited  by 
several  retinoids.9*10  ZR-75-1  cells  also  express  low  levels  of 
EGFR;  altered  EGFR  expression  is  associated  with  tamoxifen 
resistance  and  hormone  independence.52,53  The  ZR-75-1  cells 
appear  to  possess  several  steroid  metabolism  pathways.57-59 

ESTROGEN-INDEPENDENT  (ER+/PR+) 

AND  ESTROGEN-RESPONSIVE  BREAST 
CANCER  CELL  LINES 

The  estrogenic  requirement  of  the  MCF-7,  T47D,  and 
ZR-75-1  cells  for  growth  in  vitro  or  in  vivo  may  not  ade- 
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quately  reflect  the  endocrine  environment  of  many  breast 
tumors  in  postmenopausal  women.  Several  breast  cancer 
cell  lines  and  variants  of  the  MCF-7,  ZR-75-1,  and  T47D 
cell  lines  have  been  generated  that  no  longer  require  estro¬ 
genic  supplementation  for  growth.  These  continue  to 
„  express  ER,  PR,  or  both,  and  many  also  retain  responsive¬ 
ness  to  endocrine  agents.  Several  steroid-independent  and 
•►steroid-responsive  cell  lines  or  variants  exhibit  properties 
%  that  more  closely  resemble  those  of  breast  tumors  in  patients 
than  do  the  steroid-dependent  cell  lines. 

MCF-7/MIII,  MCF-7/LCC1:  Cells  Selected 
for  Estrogen  Independence  in  Vivo 

Several  aspects  of  the  MCF-7  phenotype  could  be  con¬ 
sidered  potentially  inconsistent  with  the  human  disease. 
For  example,  these  cells  generally  do  not  proliferate  in 
cell  culture  media  devoid  of  estrogens  and  do  not  form 
proliferating  tumors  when  orthotopically  transplanted  into 
oophorectomized  immunodeficient  mice.  If  this  depen¬ 
dence  on  estrogens  for  growth  were  to  exist  in  a  tumor  cell 
in  a  postmenopausal  woman,  the  source  from  which  the 
MCF-7  cells  were  originally  obtained,12  the  cells  would 
not  give  rise  to  detectable  disease.  Despite  their  apparent 
metastatic  site  of  origin,  MCF-7  cells  exhibit  few  charac¬ 
teristics  associated  with  an  invasive/metastatic  phenotype. 
Thus,  we  have  previously  suggested  that  the  MCF-7  phe¬ 
notype  represents  an  early  hypothetical  breast  cancer 
cell.35’36 

We  wished  to  determine  if,  by  applying  appropriate  phys¬ 
iologic  and  endocrinologic  selective  pressures,  we  could 
obtain  cells  more  representative  of  many  of  the  ER+/PR+ 
cells  apparent  in  the  breast  tumors  of  postmenopausal 
women.  Thus,  we  selected  MCF-7  cells  by  xenotransplanta¬ 
tion  into  the  mammary  fat  pads  of  oophorectomized, 
athymic,  nude  mice.  After  approximately  6  months,  we 
obtained  cells  (MCF-7/MIII)  that  were  readily  reestablished 
in  vitro.  MCF-7/MIII  cells  were  determined  to  be  of  MCF-7 
origin  by  karyotype  and  isozyme  profile  analyses.14  A  fur¬ 
ther  selection  of  MCF-7/MIII  cells  produced  a  variant  des¬ 
ignated  MCF-7/LCC1,  which  exhibits  increased  metastatic 
potential  and  a  shorter  lag  time  to  tumor  appearance  com¬ 
pared  with  MCF-7/MIII.60,61 

We  studied  these  cells  for  their  respective  responses  to 
estrogens  and  antiestrogens  both  in  vitro  and  in  vivo.  MCF- 
7/MIII  and  MCF-7/LCC1  cells  proliferate  in  vivo  and  in 
vitro  without  estrogen  supplementation14,60  and  are  respon¬ 
sive  to  drugs  representing  each  of  the  major  classes  of  anti¬ 
estrogens.60,62  MCF-7/MIII  cells  also  are  inhibited  by 
LHRH  analogues.63  Both  these  variants  exhibit  an  increased 
?  metastatic  potential  in  vivo  and  in  vitro, 14,61  although  at  a 
much  lower  level  than  ER-  cell  lines.1,64  We  interpret  these 
observations  as  indicating  that  MCF-7/MIII  and  MCF- 
„  7/LCC1  cells  exhibit  a  phenotype  representative  of  many 
ER+/PR+  cells  present  in  the  tumors  of  postmenopausal 
breast  cancer  patients.  The  phenotype  of  these  cells  has  been 
reviewed  in  detail.35,36,65 


MCF-7  K3:  Cells  Selected  for  Estrogen 
Independence  in  Vitro 

MCF-7  cells  also  can  be  selected  in  vitro  for  their  ability 
to  proliferate  in  the  absence  of  estrogenic  stimulation.  For 
example,  Katzenellenbogen  et  al.66  selected  MCF-7  cells  in 
cell  culture  media  devoid  of  estrogens.  The  resultant  cells 
(MCF-7  K3)  have  a  phenotype  that  is  generally  similar  to  the 
MCF-7/MIII  cells.14  In  our  studies,  these  cells  also  form 
tumors  in  oophorectomized  nude  mice,  but  with  a  longer 
doubling  time14  and  without  an  apparently  increased 
metastatic  potential  (R.  Clarke,  unpublished  data ,  1992). 
Other,  perhaps  more  subtle  differences  appear  to  exist.  For 
example,  the  estrogen-induced  gene  pS2  is  constitutively 
expressed  in  MCF-7/LCC1  cells  in  vitro  but  retains  some 
estrogen-inducible  expression  in  vivo.60  In  the  MCF-7  K3 
cells,  pS2  mRNA  expression  appears  to  be  inhibited  by  E2.67 
Some  evidence  exists  that  MCF-7  K3  cells  may  be  estrogen 
supersensitive,67  and  estrogen  supersensitive  MCF-7  cells 
have  been  previously  reported  by  others.68  We  have  no  data 
for  the  cells  selected  in  vivo  (MCF-7/MIII,  MCF-7/LCC1) 
that  would  clearly  suggest  that  they  have  a  supersensitive 
phenotype.  The  biological  significance  of  the  apparent  dif¬ 
ferences  between  cells  selected  in  vivo  (e.g.,  MCF-7/MIII) 
and  in  vitro  (e.g.,  MCF-7  K3)  remains  to  be  established. 

MCF-7  MKS:  Cells  Transfected 
with  Fibroblast  Growth  Factor  4 

The  FGFs  are  potent  angiogenic  growth  factors,  and  sev¬ 
eral  appear  to  be  present  in  or  secreted  by  human  breast  can¬ 
cer  cells,  or  both.  Transfection  of  cells  with  FGF-4  produces 
cells  (MCF-7  MKS)  that  are  able  to  generate  proliferating 
tumors  in  the  absence  of  estrogenic  stimulation.69,70  Whereas 
MCF-7  cells  are  generally  nonmetastatic,  MCF-7  MKS  cells 
produce  highly  vascular  tumors,  from  which  both  lymphatic 
and  lung  metastases  arise  with  a  high  frequency.  Unlike 
MCF-7  cells  selected  for  an  ability  to  grow  in  a  low-estrogen 
environment,  MCF-7  MKS  cells  are  stimulated  by  tamoxifen 
and  inhibited  by  physiologic  concentrations  of  estrogen.69 
The  extent  to  which  this  endocrine-inverted  phenotype 
reflects  a  specific  phenotype  in  the  human  disease  is  unclear. 
However,  these  cells  exhibit  an  endocrine  response  pattern 
similar  to  that  of  MCF-7  cells  selected  for  in  vivo  resistance 
to  tamoxifen  (see  below). 


ESTROGEN-INDEPENDENT  (ER±/PR±) 

AND  ESTROGEN-UNRESPONSIVE  BREAST 
CANCER  CELL  LINES 

BT  20  (Mutant  ER) 

The  BT  20  cell  line  is  one  of  the  older  breast  cancer  cell 
lines  and  was  established  in  1958  by  Lasfargues  and 
Ozzello.71  The  cell  line  was  obtained  from  a  breast  cancer 
patient  with  an  infiltrating  ductal  carcinoma.71  BT  20  cells 
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were  initially  described  as  being  ER-/PR-,72  but  subse¬ 
quently  ER  mRNA  was  detected.73  More  recently,  these  cells 
have  been  shown  to  express  a  novel  ER  mutant  with  an  exon 
5  deletion.74  This  mutation  produces  a  protein  that  does  not 
bind  E2  and  would  appear  ER-  by  ligand  binding.  Because 
some  evidence  exists  that  exon  5  mutant  ER  proteins  can  be 
transcriptionally  active,75  BT  20  cells  could  be  considered  to 
be  ER+,  hormone  independent,  and  hormone  unresponsive. 
These  cells  also  express  glucocorticoid  receptor  (GR),72  and 
they  have  a  16-fold  elevation  in  the  mRNA  levels  of  EGFR 
expression  resulting  from  a  fourfold  to  eightfold  amplifica¬ 
tion.50,76  BT  20  cells  are  tumorigenic  but  nonmetastatic  when 
grown  in  athymic  nude  mice.77 

BT474  (ER-/PR+) 

BT474  cells  were  obtained  from  a  solid  primary  infiltrat¬ 
ing  ductal  carcinoma  of  the  breast  in  a  60-year-old  woman.78 
The  cells  express  PR  but  not  ER  in  v/W78  and  significantly 
overexpress  c-Erb-b2  due  to  an  amplification  in  the  c-erb- b2 
gene.50  The  level  of  c-Erb~b2  mRNA  expression  in  BT474 
cells  is  128-fold  that  of  normal  fibroblasts,  whereas  EGFR  is 
not  overexpressed.50 

T47Dco  (ER-/PR+) 

T47DC0  cells  are  a  variant  of  the  ER+/PR+  T47D  cells37 
and  were  originally  described  by  Horwitz  et  al.79  The  most 
notable  feature  of  these  cells  is  their  loss  of  ER  but  elevated 
and  constitutive  expression  of  PR.38,45,79  The  cells  grow  in  vitro 
without  E2  supplementation  and  are  antiestrogen  resistant.79 
Whereas  the  PR  in  T47DC0  cells  is  E2  independent,  insulin 
receptor  expression  is  up-regulated  by  progestins,  despite  their 
growth-inhibitory  effects.45  The  constitutive  expression  of  PR 
in  the  absence  of  ER  makes  this  an  excellent  in  vitro  model  for 
screening  progestins  and  antiprogestins,  because  no  compli¬ 
cating  requirement  for  E2  supplementation  exists.  For  exam¬ 
ple,  the  antiproliferative  effects  of  the  progestin  R5020  in 
T47D  cells  were  initially  thought  to  reflect  an  antiestrogenic 
effect.44  Subsequent  data  obtained  in  the  T47DC0  cells  demon¬ 
strated  that  progestins  and  antiprogestins  exert  direct  growth- 
inhibitory  effects  independent  of  ER-mediated  events 45 


ESTROGEN-UNRESPONSIVE  (ER-/PR-) 

BREAST  CANCER  CELL  LINES 

The  majority  of  human  breast  cancer  cell  lines  are  ER-.  Just 
as  the  ER+  cell  lines  tend  to  reflect  the  nature  of  ER+  tumors 
in  breast  cancer  patients,  the  ER-  cell  lines  exhibit  characteris¬ 
tics  similar  to  those  of  ER-  breast  tumors.  For  example,  ER- 
tumors  are  generally  more  rapidly  growing,80  more  aggressive, 
and  exhibit  a  poorer  prognosis81"83;  similarly,  the  ER-  cell  lines 
tend  to  produce  rapidly  growing  tumors  in  nude  mice,  several 
of  which  are  highly  invasive  and  some  of  which  can  produce 
distant  metastases.1,64  None  of  these  cell  lines  responds  to  the 


antiproliferative  effects  of  estrogens  and  antiestrogens  unless 
exposed  to  suprapharmacologic  doses.  However,  the  absence  of 
response  to  steroids  does  not  preclude  response  to  other  noncy- 
totoxic  agents.  Several  ER-  cell  lines  express  retinoic  acid 
receptors17  and  are  growth  inhibited  by  retinoids.11,84 

MDA-MB-231  and  MDA-MB-435 

The  MDA-MB-231  cell  line  is  among  the  most  widely  f 
used  of  the  ER-  human  breast  cancer  cell  lines  and  is  fre¬ 
quently  used  as  a  negative  control  in  many  laboratories 
studying  the  endocrine  regulation  of  breast  cancer  cell 
growth.  The  MDA-MB-23 1  cells  were  established  from  a  5 1  - 
year-old  woman  with  breast  cancer  who  developed  a  pleural 
effusion.  The  patient  had  received  prior  endocrine  therapy 
(oophorectomy)  and  cytotoxic  chemotherapy  (initially  5-flu- 
orouracil  and  then  a  combination  of  cyclophosphamide, 
methotrexate,  and  adriamycin).  She  had  received  the  combi¬ 
nation  regimen  3  weeks  before  removal  of  the  fluid  from 
which  the  MDA-MB-231  cell  line  was  isolated.85  The  MDA- 
MB-231  cells  are  highly  tumorigenic  and  can  produce  lung 
metastases  from  mammary  fat  pad  tumors  in  nude  mice.64 

The  MDA-MB-435  cells  were  established  from  a  pleural 
effusion  in  a  31 -year-old  white  woman  with  metastatic  breast 
cancer.39,85  Unlike  many  other  patients  from  whom  breast  can¬ 
cer  cell  lines  have  been  obtained,  this  patient  had  received  no 
prior  systemic  therapy.86  Despite  being  initially  described  as 
nontumorigenic,87  MDA-MB-435  is  generally  reported  to  be 
highly  tumorigenic  and  is  one  of  the  few  human  breast  cancer 
cell  lines  that  produce  lung  metastases  from  solid  tumors.64,88 
When  growing  as  xenografts,  the  growth  and  metastases  of 
these  cells  also  appear  responsive  to  several  dietary  manipula¬ 
tions.89-91  The  study  of  metastasis  from  the  MDA-MB-435  cell 
line  has  been  greatly  simplified  by  the  introduction  of  a  marker 
(P-galactosidase)  that  can  facilitate  visualization  of 
micrometastases 92 

We  have  established  an  ascites  variant  of  the  MDA-MB-435 
cells  (MDA435/LCC6).  We  have  routinely  maintained  these 
cells  as  ascites  for  several  years  and  assessed  their  sensitivity  to 
a  series  of  cytotoxic  drugs.86  The  ascites  has  a  pattern  of 
responsiveness  to  single  agents  that  closely  reflects  the  activity 
of  these  agents  in  breast  cancer  patients.  The  cells  are  also  eas¬ 
ily  maintained  in  vitro  and  can  be  successfully  reestablished  as 
solid  tumors  or  ascites  in  nude  mice.  The  MDA435/LCC6  cells 
may  provide  an  alternative  to  the  L1210/P388  murine  ascites 
(leukemia)  for  the  screening  of  new  agents  for  activity  in  breast 
cancer.  The  MDA435/LCC6  cells  also  respond  to  nanomolar 
concentrations  of  all-mmv-retinoic  acid,  fenretinimide,  and  9- 
d.v-retinoic  acid1 1 ;  this  response  perhaps  reflects  the  expression 
of  the  RAR-a,  RAR-P,  and  RAR-y  isoforms  by  the  parental 
MDA-MB-435  cells.17 

Other  MDA-MB  Cell  Lines 

Up  to  19  cell  lines  bear  the  MDA-MB  designation;  most  were 
derived  by  Cailleau  et  al.  at  the  M.  D.  Anderson  Hospital  and 
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Tumor  Institute.39  The  basic  characteristics  and  isozyme  and 
karyotype  patterns  have  been  previously  reported  in  some 
detail.39,93  Most  cell  lines  are  ER-,  with  the  notable  exception  of 
the'  MDA-MB-134  and  MDA-MB-175  cell  lines,  which  are 
ER+.94  Several  of  these  lines  are  of  specific  interest.  The  MDA- 
MB-468  cells  overexpress  EGER50;  in  contrast  to  other  breast 
cancer  cell  lines,  their  growth  is  inhibited  by  exogenous  EGF.95 
FGF  receptors  are  overexpressed  by  MDA-MB-175  cells,  which 
are  growth  inhibited  by  FGF.96  The  MDA-MB-175  cells  also 
exhibit  an  eightfold  overexpression  of  c-erb-b2  relative  to  nor¬ 
mal  fibroblasts.50  The  MDA-MB-361  cells,  which  were 
obtained  from  a  brain  metastasis,39  and  the  MDA-MB-453  cells 
exhibit  a  twofold  to  fourfold  amplification  of  the  c-erb- b2  gene, 
overexpressing  the  gene  product  by  approximately  64-fold.50 
The  external  domain  of  c-Erb-b2  is  shed  from  MDA-MB-361 
cells  and  can  be  detected  in  the  serum  of  nude  mice  bearing 
these  xenografts 97  The  MDA-MB-436  cell  line  was  derived 
from  a  43-year-old  woman  with  metastatic  breast  cancer.39 
These  cells  are  ER-  and  are  sensitive  to  several  cytotoxic  drugs. 
The  MDA-MB-436  cells  have  been  used  to  investigate  the 
effects  of  insulin  and  cell-seeding  density  on  methotrexate 
metabolism98,99  and  the  non-ER-mediated  effects  of  estrogens 
and  antiestrogens  on  both  the  cytotoxicity  of  methotrexate100,101 
and  cell  membrane  structure  and  function.102 

SkBr3 

SkBr3  cells  were  obtained  from  a  pleural  effusion  that 
developed  in  a  43 -year-old  patient  with  a  breast  adenocarci¬ 
noma.103  These  cells  have  been  widely  used  in  the  study  of 
c-Erb-b2  expression,  because  they  overexpress  c-Erb-b2 
128-fold  relative  to  normal  fibroblasts  owing  to  a  fourfold  to 
eightfold  amplification  of  this  gene.50  SkBr3  cells  also 
secrete  a  truncated  c-Erb-b2  into  their  cell  culture  medium.104 
The  coexpression  of  EGFR  and  c-Erb-b2  has  enabled  studies 
into  the  mechanisms  of  EGF-induced  heterodimerization.105 


NEW  BREAST  CANCER  CELL  LINES 

The  following  section  is  not  intended  to  be  exhaustive  but 
includes  several  new  cell  lines  with  some  novel  or  unusual 
characteristics.  The  methods  of  isolation  vary  across  studies, 
but  all  cell  lines  have  been  confirmed  to  be  of  breast  origin. 
When  the  information  is  available,  tumorigenicity,  oncogene 
expression,  and  other  potentially  relevant  information  is 
described. 

The  establishment  of  new  cell  lines  is  a  difficult  and  time- 
consuming  process.  Primary  cultures  can  be  initiated  with  a 
relatively  high  success  rate.106,107  Biopsy  material  can  be 
cultured  in  a  manner  that  allows  for  the  preferential  growth 
of  neoplastic  rather  than  normal  epithelial  cells.108  However, 
the  proportion  of  these  cultures  that  spontaneously  develop 
into  established  cell  lines — for  example,  lines  that  can  be 
maintained  successfully  for  over  50  passages — is  relatively 
low.  In  a  study  of  135  primary  breast  cancers,  only  10  pro¬ 


duced  cell  lines.  All  were  negative  for  ER.109  The  success 
rate  appears  similar  when  the  material  for  culture  is  derived 
from  lymph  node  metastases.  Thus,  tumor  stage  would  not 
seem  to  be  a  particularly  good  predictor  for  in  vitro  estab¬ 
lishment.106  The  very  poor  success  rate  in  establishing  ER+ 
cell  lines  remains  problematic. 

Although  ER  can  be  overexpressed  in  ER-  breast  cancer 
cells  by  transfection,  the  resulting  cells  are  almost  exclu¬ 
sively  growth  inhibited  by  physiologic  concentrations  of 
estrogens.110  A  similar  phenotype  is  reported  for  overex¬ 
pression  of  ER  in  the  normal  human  breast  epithelial  cell 
line  MCF10A,111  although  the  antiproliferative  responses  to 
estrogens  appear  relatively  small.  Breast  tumors  generally 
contain  these  levels  of  intratumor  estrogens,  regardless  of 
the  patient’s  menopausal  status.112  Such  tumors  might  not 
arise  if  these  intratumor  estrogens  were  growth  inhibitory,  or 
at  least  would  not  arise  until  this  signaling  was  eliminated  or 
overcome.  Furthermore,  the  administration  of  exogenous 
estrogens — for  example,  estrogen-based  hormone  replace¬ 
ment  therapy — generally  increases  breast  cancer  risk.113 
This  is  consistent  with  the  mitogenic  effects  of  estrogens  in 
cells  that  “normally”  express  ER,  such  as  MCF-7  cells,  and 
the  growth-inhibitory  effects  of  antiestrogens.  Thus,  the 
phenotypic  relevance  of  these  transfected  cells  is  difficult  to 
determine.  Some  transfectants  can  regulate  estrogen-respon¬ 
sive  element  (ERE)-regulated  gene  expression  in  transient 
transfection  assays  but  do  not  regulate  endogenous  genes, 
such  as  the  genes  for  PR,  pS2,  and  cathepsin  D,  in  response 
to  estrogens.111  Thus,  the  function  of  some  estrogen-regulated 
genes  may  be  unaffected  by  expression  of  ER. 

Some  breast  cancers  possibly  may  arise  from  cells  that 
were  normally  negative  for  ER,114  and  cellular  signaling 
within  these  populations  may  be  different  from  that  in  cells 
that  normally  express  ER  and  require  estrogens  for  prolifer¬ 
ation.  Some  critical  genes  may  be  regulated  in  a  direction 
not  seen  in  cells  that  normally  express  ER,  perhaps  account¬ 
ing  for  the  inverted — that  is,  estrogen-inhibited — pheno¬ 
type.  If  the  ER  function  is  significantly  different  than  that  in 
cells  which  normally  express  ER,  the  use  of  these  models  to 
study  signaling  to  estrogenic/antiestrogenic  responses  may 
require  careful  consideration. 

One  cell  population  has  been  studied  that  is  naturally 
inhibited  by  estrogens — namely,  vascular  smooth  muscle 
cells.115-117  These  cells  are  naturally  growth  inhibited  by 
estrogens,  a  finding  that  is  not  surprising,  as  estrogen  is 
known  to  reduce  the  risk  of  cardiovascular  disease.  One 
mechanism  might  be  through  the  inhibition  of  vascular 
smooth  muscle  cell  proliferation  after  vascular  injury.117 
Although  an  estrogen-inhibited  phenotype  is  not  physiolog¬ 
ically  unimportant  in  other  tissues,  the  extent  to  which  it 
applies  to  breast  cancer  is  unclear. 

BRC-230 

The  patient  from  whom  cells  for  this  line  were  obtained  was 
a  79-year-old  woman  with  a  metastatic,  infiltrating  ductal  car- 
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cinoma.  The  primary  tumor  was  ER-/PR-  and  exhibited  a 
high  thymidine  (TdR)-labeling  index.118  The  cell  line,  desig¬ 
nated  BRC-230,  was  established  from  surgical  material 
obtained  from  the  primary  tumor.  The  cells  are  ER-/PR-  and 
show  no  evidence  of  amplification  or  rearrangement  of  c -erb- 
b2,  c-myc,  or  mdr- 1.  BRC-30  cells  are  tumori genic  in  nude 
mice  and  produce  carcinoembryonic  antigen,  CA15-3,  CA19- 
9,  and  CA 125. 118  Of  potential  interest  is  the  pattern  of 
chcmosensitivity,  which  closely  reflects  that  seen  in  the 
patient.  BRC-230  cells  exhibit  a  multiple  drug-resistant  phe¬ 
notype  and  are  resistant  to  doxorubicin  hydrochloride,  etopo- 
side,  idarubicin  hydrochloride,  mitoxantronc  hydrochloride, 
4'-epidoxorubicin,  and  4-idroperoxy-cyclophosphamidc.1!8 
BRC-20  cells  may  be  useful  in  studying  non-MDRl- mediated 
multiple  drug  resistance. 

HMT-3909S1  and  HMT-3909S8 

Petersen  et  al.1 19  have  described  two  cell  lines  derived  from 
the  same  primary  tumor.  The  primary  tumor  was  an  infiltrat¬ 
ing  ductal  carcinoma  that  arose  in  a  61 -year-old  white 
woman.  The  patient  had  received  no  prior  therapy.  The  cell 
lines  were  established  in  serum-free  media.119  HMT-3909  is 
nontumorigenic,  whereas  the  HMT-3909S8  line  forms  tumors 
in  athymic  nude  mice.  HMT-3909S8  cells  are  aneuploid  and 
express  the  mesenchymal  glycoprotein  vimcntin,  keratins  8 
and  18,  and  the  MAM-6  glycoprotein.  HMT-3909S1  cells 
express  vimcntin  and  several  keratins,  including  keratin  18, 
but  MAM-6  reactivity  is  weak  and  keratin  8  staining  is  not 
detected.119  The  cells  are  not  entirely  ER-,  but  expression 
appears  very  low.  The  presence  of  two  phenotypically  distinct 
cell  lines,  each  derived  from  a  single  hypothetical  stem  cell, 
may  provide  a  novel  means  to  study  progression  and  acquisi¬ 
tion  of  phenotypic  diversity  in  tumors. 

KPL-3C 

KPL-3C  cells  were  derived  from  a  37-year-old  Japanese 
woman  with  invasive  ductal  carcinoma.  The  patient  was  ini¬ 
tially  treated  by  radical  mastectomy  and  subsequently 
received  radiotherapy  to  the  locally  recurrent  lesions  and  sys¬ 
temic  chemoendocrine  therapy.  Liver  metastasis  and  a  pleural 
effusion  were  subsequently  diagnosed.  The  cell  line  was 
established  from  the  pleural  fluid.120  The  resulting  cell  line 
(KPL-3C)  is  tumorigenic  in  athymic  nude  mice,  with  a  dou¬ 
bling  time  of  approximately  7  days,  and  produces  tumors 
reminiscent  of  comedo-type  intraductal  neoplasms.  The 
tumors  often  exhibit  an  area  of  central  necrosis  characterized 
by  microcalcification.  The  cells  express  cytokeratin,  epithelial 
membrane  antigen,  carcinoembryonic  antigen,  and  CA15-3, 
but  do  not  express  either  vimcntin  or  c-Erb-b2.  Expression  of 
ER  and  PR  is  low,  with  the  levels  reported  as  approximately 
15  fmol  per  mg  protein  and  14  fmol  per  mg  protein,  respec¬ 
tively.120  The  cell  population  doubling  time  in  vitro  is  approx¬ 
imately  72  hours.  A  potentially  unusual  characteristic  of  this 
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cell  line  is  its  secretion  of  parathyroid  hormone-related  pro¬ 
tein.  Interestingly,  the  patient  from  whom  these  cells  were 
derived  required  treatment  for  humoral  hypercalcemia.  This 
cell  line  may  be  useful  for  studying  the  role  of  tumor-derived 
parathyroid  hormone-related  protein  in  humoral  hypercal¬ 
cemia  of  malignancy.120 

LCC15-MB 

The  LCC15-MB  cell  line  was  established  from  a  femoral 
bone  metastasis.  The  patient  was  a  29-year-old  woman  ini¬ 
tially  diagnosed  with  an  infiltrating  ductal  mammary  adeno¬ 
carcinoma.121  Approximately  3  years  after  the  initial  primary 
tumor  was  diagnosed,  the  patient  presented  with  acute  bone 
metastasis.  Material  from  the  bone  metastasis,  a  poorly  dif¬ 
ferentiated  adenocarcinoma  lacking  ER,  PR,  and  erb- b2 
expression,  was  used  to  establish  the  cell  culture.  The  LCC 1 5- 
MB  cells  exhibit  these  characteristics,  although  ER  can  be 
reexpressed  by  treatment  of  the  LCCI5-MB  cells  for  5  days 
with  5-aza-2'-deoxycytidine.  LCC15-MB  cells  are  tumori¬ 
genic  in  athymic  nude  mice  and  produce  long-bone  metas- 
tases  after  intracardiac  injection.121  These  cells  strongly 
express  vimentin.  The  presence  of  keratin  1 8  mRNA  has  been 
demonstrated  using  assay  by  polymerase  chain  reaction,  but 
the  low  overall  levels  of  keratin  protein  and  the  lack  of  keratin 
19  mRNA  suggest  that  these  cells  have  selectively  lost  epithe¬ 
lial  characteristics  while  gaining  a  more  mesenchymal  pheno¬ 
type,  consistent  with  the  epithelial  to  mesenchymal  transition 
that  can  occur  during  malignant  progression  in  breast  can¬ 
cer.121  The  cells  are  invasive  in  the  in  vitro  Boyden  chamber 
assay  and  activate  matrix  metal loprotcasc  2  after  treatment 
with  concanavalin  A.122  Significantly,  LCC15-MB  cells 
express  the  bone  matrix  protein  osteopontin,  and  this  expres¬ 
sion  is  retained  by  subcutaneous  xenografts  and  intraosseous 
metastases.122  The  LCC15-MB  cells  provide  a  unique  model 
in  which  to  study  bone  metastasis  and  the  role  of  osteopontin 
in  this  process. 

MFM-233 

The  MFM-233  cell  line  was  derived  from  a  pleural  effu¬ 
sion  that  arose  in  a  postmenopausal  patient.  The  patient  had 
not  received  any  prior  treatment  and  presented  with  a  wide¬ 
spread  grade  3  ductal  carcinoma.  The  established  cell  line 
was  designated  MFM-223.123  These  cells  are  tumorigenic  in 
nude  mice,  producing  moderate  to  poorly  differentiated  ade¬ 
nocarcinomas.  MFM-233  cells  express  cytokcratins  8  and 
18,  epithelial  membrane  antigen,  and  milk  fat  globulins  1  and 
2.  Relatively  low  levels  of  ER  (5  to  10  fmol/mg  protein)  are 
expressed,  but  PR  is  not  detected  in  the  cultures  and  is  not 
induced  by  estradiol  treatment.  In  contrast,  expression  of 
androgen  receptors  is  high  (160  fmol/mg  protein),  and  pro¬ 
liferation  of  the  cells  is  inhibited  by  more  than  0.01  nanomo¬ 
lar  dihydrotestosteronc.123  This  cell  line  may  prove  useful  in 
the  study  of  androgen  responsiveness  and  signaling. 
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MODELS  OF  ACQUIRED  ANTIESTROGEN 
RESISTANCE  (ER+  CELLS) 

Although  acquired  resistance  to  antiestrogens  is  one  of 
the  more  pressing  clinical  problems  in  breast  cancer,  few  in 
vitro  models  exist  for  the  analysis  of  this  aspect  of  malig¬ 
nant  progression.  The  most  common  approaches  to  the  iso¬ 
lation  of  antiestrogen-resistant  cells  use  an  in  vitro  selection 
of  hormone-dependent  cells  against  either  a  high  single 
dose  of  antiestrogen124  or  a  stepwise  increase  in  concentra¬ 
tions  of  drug.  These  approaches  have  been  widely  used  to 
generate  variants  of  cell  lines  resistant  to  many  antineo¬ 
plastic  agents.  Several  problems  are  encountered  when  this 
approach  is  applied  to  generate  antiestrogen-resistant  vari¬ 
ants  of  estrogen-dependent  breast  cancer  cells.  For  exam¬ 
ple,  isolation  of  resistant  clones  that  retain  stability  for 
several  years  has  often  been  difficult.  Several  laboratories 
have  reported  resistant  variants  that  revert  to  a  sensitive 
phenotype  with  a  high  frequency.49,125  127  Some  cell  lines 
alter  other  critical  aspects  of  their  phenotypes.  The  MCF-7 
variant  LY-2  has  become  nontumorigenic.62  MCF-7  cells 
selected  in  vivo  can  become  dependent  on  or  stimulated  by 
tamoxifen.128,129  Cells  transfected  with  FGFs  also  reverse 
their  endocrine  responsiveness,  becoming  stimulated  by 
tamoxifen  and  inhibited  by  physiologic  concentrations  of 
estrogens.70  These  models  may  reflect  a  tamoxifen-with¬ 
drawal  effect,  although  the  prevalence  of  this  response  in 
humans  is  difficult  to  determine. 

LY-2:  MCF-7  Cells  Selected  against  a 
Benzothiophene  (LY117018)  in  Vitro 

The  MCF-7  variant  LY-2124  is  perhaps  the  most  stable 
antiestrogen-resistant  variant  and  was  generated  in  1985. 
These  cells  were  selected  in  vitro  in  an  anchorage-indepen¬ 
dent  (soft  agar)  colony  assay  for  resistance  against 
LY1 17018. 124  LY-2  cells  have  been  demonstrated  to  be 
cross-resistant  to  drugs  representative  of  the  major  struc¬ 
tural  classes  of  antiestrogens,  including  nafoxidine,  4- 
hydroxytamoxifen,  and  ICI  164,384.62  In  addition  to 
exhibiting  a  significant  shift  in  their  dose-response  rela¬ 
tionship  for  antiestrogens,  LY-2  cells  exhibit  a  blunted 
mitogenic  response  to  E2.124  However,  LY-2  cells  have  lost 
their  ability  to  form  proliferating  tumors  in  oophorec- 
tomized  or  E2-supplemented  nude  mice,62  limiting  their  use 
to  in  vitro  studies. 

Although  the  precise  resistance  mechanism  in  the  LY-2 
cells  is  unclear,  these  cells  express  ER  levels  approximately 
one- third  those  of  their  parental  MCF-7  cells  and  have 
become  negative  for  PR.124  A  reduced  level  of  ER  expres¬ 
sion  would  be  expected  to  induce  resistance  to  all  antiestro¬ 
gens,  because  interaction  with  ER  is  likely  to  be  the  most 
important  early  event  in  antiestrogen  function.  Thus,  the 
altered  ER  levels  or  the  reduced  ability  to  mount  an  estro¬ 
genic  response  in  the  LY-2  cells  may  explain  their  antiestro¬ 


gen-resistance  pattern.  LY-2  cells  still  express  levels  of  ER 
that  would  be  considered  high  in  a  breast  tumor  biopsy.124 
Furthermore,  the  remaining  ER  appears  normal — that  is,  it 
is  not  mutated  or  altered.130  The  LY-2  cells  may  mimic  some 
aspects  of  the  antiestrogen-resistance  profile  in  patients  with 
ER+/PR-  tumors. 

MCF-7  Cells  Selected  against  Tamoxifen  in  Vivo 

Several  groups  have  generated  resistance  models  by 
selecting  MCF-7  xenografts  growing  in  nude  mice  against 
tamoxifen,  an  approach  that  would  appear  to  more  closely 
mimic  the  human  disease  than  in  vitro  selection.  However, 
MCF-7  cells  do  not  form  proliferating  tumors  in  castrated 
female  mice,  which  have  an  endocrine  environment  similar 
to  that  of  postmenopausal  women.131”133  Because  the 
xenografts  would  not  be  proliferating,  their  growth  could 
not  be  further  suppressed;  tamoxifen  is  generally  consid¬ 
ered  a  cytostatic,  not  cytotoxic,  drug.  Consequently,  it 
might  be  predicted  that  the  most  efficient  response  to  such 
a  selective  pressure  would  be  a  change  in  the  cell’s  percep¬ 
tion  of  tamoxifen  from  inhibition  to  the  widely  documented 
partial  agonist  (growth  promotion  at  low  concentrations) 
properties  of  tamoxifen.134  Indeed,  the  resultant  tumors 
exhibit  a  tamoxifen-stimulated/tamoxifen-dependent  phe¬ 
notype,128,129  suggesting  that  this  “inverted”  phenotype 
reflects  a  sensitization  to  the  partial  agonist  (estrogenic) 
effects  of  the  triphenylethylenes.134  Tamoxifen  dependence 
is  evidenced  by  withdrawal  responses  to  tamoxifen  that 
induce  regression  of  the  xenografts.128  More  recently,  an 
ER  variant  has  been  identified  that  may  explain  these 
changes  in  responses  to  antiestrogens.135,136  Jiang  et  al. 
have  identified  a  glycine-to-valine  mutation  at  amino  acid 
position  400  in  the  ER  protein.  When  transfected  into  breast 
cancer  cells,  this  mutation  confers  a  growth-inhibitory 
response  to  estrogens  and  a  growth-stimulatory  response  to 
antiestrogens.135,136 

A  breast  tumor  in  a  patient  that  possessed  a  tamoxifen- 
dependent  phenotype  could  respond  to  removal  of  tamox¬ 
ifen  by  exhibiting  a  tamoxifen-withdrawal  response. 
Withdrawal  responses  have  been  widely  reported  for  other 
endocrine  therapies,  including  high-dose  estrogen  and 
progestin  treatment.137  Whether  this  occurs  for  antiestro¬ 
gens  is  unclear,  because  the  incidence  of  tamoxifen  with¬ 
drawal  responses  has  not  been  clearly  defined  and 
documented.  Several  anecdotal  and  single  case  reports  of 
tamoxifen  withdrawal  responses  have  been  published.138-143 
Several  larger  studies  indicate  a  low  incidence  of  tamoxifen 
withdrawal  responses.144,145  Thus,  the  data  from  these  mod¬ 
els  may  be  predicting  a  response  yet  to  be  clearly  demon¬ 
strated  in  the  clinic  or  demonstrating  an  experimental 
artifact.  Should  these  models  be  correct,  the  potential  for  a 
significant  incidence  of  tamoxifen  withdrawal  responses 
could  indicate  an  important,  and  potentially  underesti¬ 
mated,  clinical  response  pattern. 
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Selection  of  Hormone-Independent  but  Hormone- 
Responsive  Cells  against  4-Hydroxytamoxifen 

Rather  than  use  hormone-dependent  cells  and  risk  a 
loss  of  tumorigenicity  (e.g.,  the  LY-2  phenotype)  or  select 
in  vivo  using  hormone-dependent  cells  and  obtain  a  tamox¬ 
ifen-stimulated  phenotype,  we  hypothesized  that  cells 
already  hormone  independent  and  responsive  might  provide 
a  more  appropriate  starting  point  for  the  generation  of  resis¬ 
tant  variants.  These  cells  already  proliferate  in  the  absence 
of  estrogenic  stimulation  both  in  vivo  and  in  vitro .  To  elim¬ 
inate  species-specific  metabolic  differences  between  rodents 
and  humans,  we  chose  to  perform  a  stepwise  selection  of  the 
MCF-7/LCC1  cells  in  vitro  against  the  potent  tamoxifen 
metabolite  4-hydroxytamoxifen.  We  obtained  a  stable  resis¬ 
tant  population  designated  MCF-7/LCC2.  These  cells  are 
resistant  to  tamoxifen  when  growing  either  in  vitro  or  as 
xenografts  in  nude  mice146  and  have  remained  stably  resis¬ 
tant  in  the  absence  of  selective  pressure. 

We  determined  the  likely  cross-resistance  profile  of  these 
cells  by  assessing  their  in  vitro  growth  response  to  steroidal 
antiestrogens.  Although  resistant  to  tamoxifen,  MCF-7/LCC2 
cells  are  not  cross-resistant  to  either  ICI  182,780  or  ICI 
164,384. 146,1 47  This  response  pattern  suggested  that  some 
patients  who  initially  respond  to  tamoxifen  but  ultimately 
relapse  may  retain  the  ability  to  respond  to  a  steroidal  anti¬ 
estrogen.  Subsequently,  this  resistance  pattern  has  been 
observed  in  preliminary  data  from  a  Phase  I  trial  of  ICI  182,780 
in  heavily  tamoxifen  pretreated  patients.148  These  data  indicate 
that,  as  predicted  by  the  MCF-7/LCC2  phenotype,  patients  that 
ultimately  relapse  on  tamoxifen  can  obtain  responses  to  a  sub¬ 
sequent  steroidal  antiestrogen  treatment.  Thus,  an  in  vitro 
observation  correctly  predicted  a  subsequent  pattern  of 
response  in  breast  cancer  patients.  These  data  suggest  that  the 
clinical  responses  to  ICI  182,780  probably  represent  a  genuine 
direct  antitumor  effect,  rather  than  a  possible  tamoxifen  with¬ 
drawal  response,  and  suggest  that  the  MCF-7/LCC2  phenotype 
is  not  merely  an  in  vitro  artifact.  The  relevance  of  these  cells 
and  their  phenotypes  has  been  reviewed.36,65 

Cells  Selected  for  Resistance  to  Steroidal  Antiestrogens 

MCF-7/LCC1  cells  selected  against  the  steroidal  antiestro¬ 
gen  ICI  182,780  have  been  isolated  and  characterized.  An  in 
vitro  stepwise  selection  was  used  similar  to  that  used  to  gen¬ 
erate  the  MCF-7/LCC2  cells.  The  stable  ICI  182,780-resis- 
tant  population  was  designated  MCF-7/LCC9.  MCF-7/LCC9 
cells  are  resistant  to  ICI  182,780  in  vitro  and  in  vivo.149  Our 
data  indicate  that  these  cells  exhibit  cross-resistance  to  tamox¬ 
ifen,  even  though  the  cells  have  not  been  exposed  to  a  triph- 
enylethylene  antiestrogen.  If  correct,  this  pattern  of  in  vitro 
resistance  would  suggest  that  patients  may  be  better  served  if 
treated  initially  with  tamoxifen  and  subsequently  with  a 
steroidal  antiestrogen,  rather  than  vice  versa.  The  validity  of 
this  prediction  remains  to  be  tested  in  patients. 


MODELS  FOR  STUDYING  MULTIPLE-DRUG 
RESISTANCE  (MDR//GP170) 

Many  breast  tumors  are  often  initially  responsive  to  cyto¬ 
toxic  chemotherapy.  Almost  all  develop  a  multiple 
drug-resistant  phenotype,  however,  and  this  is  ultimately 
responsible  for  the  failure  of  current  cytotoxic  regimens.34 
Acquired  resistance  is  frequently  associated  with  expression 
of  the  MDR1  gene  and  its  gpl70  glycoprotein  product.  The 
level  and  incidence  of  detectable  A/D/?//gpl70  expression  is 
significantly  higher  in  the  tumors  of  treated  versus  untreated 
breast  cancer  patients150  152  and  correlates  with  in  vitro 
resistance  to  cytotoxic  drugs. 152-154  Several  in  vitro  models 
have  been  established  with  which  to  screen  for  new  agents 
that  can  reverse  this  form  of  multiple  drug  resistance. 

Cells  Selected  for  Resistance  against  Adriamycin 

Cell  lines  selected  in  vitro  for  resistance  to  adriamycin 
frequently  overexpress  gpl70,  often  as  a  result  of  amplifica¬ 
tion  of  the  MDR1  gene.  Among  the  most  widely  used  cell 
lines  are  the  MCF-7ADR  line155  and  the  HeLa  (ovarian  carci¬ 
noma)  variant  KbV  series.156  The  origin  of  the  MCF-7ADR 
cells,  as  used  in  the  current  National  Institutes  of  Health 
(NIH)  drug-screening  program,  has  been  questioned.  The 
MCF-7  origin  of  these  cells  could  not  readily  be  determined, 
and  the  cell  line  has  been  redesignated  NCI/ADR-RES.157 
The  extent  to  which  these  cells  can  be  used  as  a  specific 
model  of  multiple  drug-resistant  breast  cancer  is  unclear. 

One  problem  with  cells  selected  in  vitro  is  that  they  fre¬ 
quently  acquire  multiple  drug-resistance  mechanisms.  For 
example,  we  have  demonstrated  that  NCI/ADR-RES  (MCF- 
7adr)  cells,  but  not  MDR1  -transduced  MCF-7  cells  (CL 
10.3),  are  cross-resistant  to  tumor  necrosis  factor.158 
Because  both  adriamycin  and  tumor  necrosis  factor  can 
inhibit  cells  by  the  generation  of  free  radicals,159,160  this 
cross-resistance  in  NCI/ADR-RES  cells  strongly  suggests 
the  presence  of  adriamycin-resistant  mechanisms  in  addition 
to  gpl70,  including  altered  expression  of  manganous  super- 
oxide  dismutase.158  Indeed,  NCI/ADR-RES  cells  also 
exhibit  increased  glutathione  transferase  and  topoisomerase 
II  activities 161  162  and  have  become  estrogen  independent 
and  antiestrogen  resistant  due  to  their  loss  of  steroid  hor¬ 
mone  receptor  expression.155 

The  complexity  of  the  resistance  phenotype  in  these  cells 
may  explain  why  the  gpI70-reversing  potency  of  isomers  of 
flupenthixol  identified  in  NCI/ADR-RES  (MCF-7AnR)  cells 
could  not  be  confirmed  in  MDRJ -transfected  NIH  3T3 
cells,163  which  suggests  a  non-gpl70-mediated  mechanism. 
Although  NCI/ADR-RES  cells  are  clearly  of  considerable  use 
for  screening  new  resistance-modifying  agents  and  combina¬ 
tions,  their  use  for  detailed  mechanistic  studies  of  resistance 
reversal  may  be  limited.  These  cells  arc  widely  used  and  very 
well  characterized,  however,  and  they  provide  an  important 
benchmark  for  comparing  data  among  different  studies. 


Cells  Transduced  with  the  MDR1  Gene 

To  obtain  cells  in  cases  in  which  gpl70  is  the  major  mul¬ 
tiple  drug-resistance  mechanism,  a  cloned,  E2-dependent, 
MCF-7  human  breast  cancer  subline  was  transduced  with  a 
retroviral  vector  directing  the  constitutive  expression  of  the 
MDR1  gene.164  After  selection  in  the  presence  of  the  gpl70 
substrate  colchicine,  cell  populations  (MCF-7MDR1)  were 
isolated,  and  their  ability  to  produce  gpl70  was  determined 
by  radioimmunoprecipitation.164  In  this  study,  one  of  the 
MCF-7MDR1  clones  designated  CL  10.3  was  used.  Trans¬ 
duced  cells  express  high  levels  of  a  170-kd  glycoprotein 
exhibiting  immunoreactivity  with  specific  anti-gpl70  anti¬ 
bodies.  Immunoreactivity  is  not  detected  in  either  the 
parental  MCF-7  cells  or  MCF-7  cells  transduced  with  a  con¬ 
trol  pSV2neo  vector.  The  level  of  expression  of  MCF-7mdr1 
cells  is  estimated  to  be  within  twofold  to  threefold  of  that 
expressed  by  the  adriamycin-selected  NCI/ADR-RES 
cells.163  The  function  of  the  expressed  glycoprotein  was 
confirmed  by  determining  the  sensitivity  of  parental  and 
MCF-7mdr1  cells  to  a  gpl70  substrate  (adriamycin)  and  to  a 
non-gpl70  substrate  (gossypol). 164,165  Transduced  cells  have 
a  tenfold  greater  IC50  for  adriamycin,  whereas  sensitivity  to 
gossypol  is  equivalent  in  both  parental  and  transduced 
cells.164  A  similar  relationship  has  been  observed  for 
colchicine  and  the  non-gpl70  substrate  methotrexate  (R. 
Clarke  and  F.  Leones s a,  unpublished  observations ,  1990). 

The  increase  in  resistance  exhibited  by  the  transduced 
MCF-7MDR1  cells  would  be  expected  to  be  sufficient  to 
induce  clinical  resistance  in  tumors.  Perturbations  in  energy 
metabolism  in  the  MCF-7MDR1  cells  have  also  been  observed 
that  are  not  present  in  the  parental  cells.165  MDRl-trms - 
duced  cells  retain  ER  and  PR  expression  and  sensitivity  to 
the  triphenylethylene  antiestrogen  4-hydroxy  tamoxifen. 164 
Expression  of  the  estrogen-inducible  pS2  and  EGFR  genes 
are  similar  in  parental  and  MCF-7MDR1  cells.164  EGFR  is  up- 
regulated,  and  pS2  expression  is  lost  in  NCI/ADR-RES 
cells.155,164  The  data  indicate  that  overexpression  of  the 
MDR1  gene  alone  confers  a  multiple  drug-resistance  phe¬ 
notype  but  does  not  result  in  either  cross-resistance  to  anti¬ 
estrogens  or  a  loss  of  steroid  hormone  receptor  expression.164 

The  ascites  variant  MDA435/LCC6  of  the  ER-  breast 
cancer  cell  line  MDA-MB-435  has  been  transduced  with  the 
MDR1  complementary  DNA.  The  MDA435/LCC6  cells 
appear  to  retain  the  major  characteristics  of  their  parental 
cells;  that  is,  they  are  ER-,  highly  tumorigenic,  invasive,  and 
metastatic.166  When  the  cells  are  grown  as  an  ascites,  the 
mice  become  moribund  within  a  reproducible  time  (approx¬ 
imately  30  days)  and  exhibit  a  pattern  of  responses  to  estab¬ 
lished  cytotoxic  drugs  that  closely  reflects  the  activity  of  the 
agents  when  administered  as  single  agents  to  previously 
untreated  breast  cancer  patients.166  The  MDR 1 -transduced 
cells  (MDA435/LCC6mdr1)  provide  an  ER-  model  for  com¬ 
parison  with  the  ER+  MCF-7mdr1  CL  10.3  cells.  The  ascites 
variants  provide  an  alternative  to  the  murine  leukemia 
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ascites  models  (e.g.,  L1210,  P388)  for  screening  gpl70- 
reversing  agents.166 

NORMAL  BREAST  EPITHELIAL  CELLS  AND 
THEIR  DERIVATIVES 

Culturing  Normal  Breast  Epithelial  Cells  in  Vitro 

Major  advances  have  been  made  in  the  culture  of  normal 
mammary  cells  from  both  humans  and  rodents.  Not  all  of 
the  approaches  can  be  discussed  in  detail  here,  but  several 
excellent  reviews  are  available.167,168  Of  particular  impor¬ 
tance  are  models  that  allow  for  the  coculturing  of  stromal 
and  epithelial  cells,  because  the  interactions  among  these 
populations  appear  critical  for  normal  glandular  develop¬ 
ment  and  function.  The  approaches  reviewed  by  Ip  and 
Darcy167  demonstrate  the  ability  of  cells  maintained  in  vitro 
to  complete  a  phenotypically  normal  lobuloalveolar  devel¬ 
opment.  These  structures  secrete  milk  proteins  in  response 
to  appropriate  hormonal  stimuli  and  undergo  an  apparent 
involution  on  hormone  withdrawal.167  The  culture  tech¬ 
niques  have  been  optimized  for,  and  widely  applied  to,  both 
human  and  rodent  mammary  cells.167,168  For  example,  nor¬ 
mal  human  epithelial  cells  proliferate  and  differentiate  in  a 
three-dimensional  sponge-gel  matrix  culture  system.169 

These  approaches  require  the  isolation  of  viable  epithelial 
or  stromal  cells  from  solid  tissues.  Many  investigators 
appear  to  use  one  of  several  collagenase-based  disaggrega¬ 
tion  methods,167,170  but  explant,  organ  culture,  and  organoid 
approaches  also  are  successful.106,167,171  The  most  effective 
approaches  generally  differ  from  the  standard  cell  culture 
techniques  used  to  propagate  and  study  breast  cancer  cells, 
primarily  in  the  provision  of  a  three  dimensional  environ¬ 
ment  and  the  inclusion  of  stromal  cells.167,168  The  success 
rate  in  establishing  primary  cultures  of  both  normal  and  neo¬ 
plastic  mammary  tissues  has  increased  significantly.  Even 
relatively  simple  approaches  can  produce  short-term  cul¬ 
tures  on  plastic  with  good  reproducibility.  For  example, 
Volpi  et  al.  have  reported  success  rates  of  83%  for  primary 
human  breast  cancers  and  78%  for  normal  breast  tissue.106 

Several  specialized  cell  culture  media  have  been  generated 
that  have  greatly  increased  the  success  rate  for  establishing 
primary  cultures.  In  general,  these  are  semi-synthetic  media 
that  contain  little  or  no  serum,  have  low  levels  of  Ca2+,  and 
are  supplemented  with  various  hormones,  growth  factors, 
and  chemically  undefined  ingredients,  such  as  conditioned 
cell  culture  media  and  bovine  pituitary  extract.106,172-175 

Although  these  cells  represent  primary  cultures — that  is, 
they  have  a  finite  life  span  in  vitro — they  may  be  immortal¬ 
ized  by  treating  them  with  carcinogens  and  transformed  by 
inducing  an  overexpression  of  several  oncogenes.  As  with 
the  neoplastic  breast  cell  lines,  several  caveats  should  be 
borne  in  mind.  For  example,  the  primary  and  immortalized 
cells  are  adapted  to  in  vitro  growth,  and  some  of  their 
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expressed  (or  repressed)  characteristics  may  be  more  closely 
associated  with  this  adaptation  than  their  normal  in  vivo 
function.  However,  this  concern  most  likely  is  minimized 
when  three-dimensional  culture  matrices  are  used  and  stro¬ 
mal  cells  are  included.  Immortalized  cells  are  continually 
proliferating,  a  state  quite  different  from  the  resting  tissues 
from  which  their  parental  cells  were  derived. 

All  the  available  cell  lines  established  from  normal  mam¬ 
mary  cells  are  ER-.  ER  has  been  introduced  into  several 
normal  human  breast  epithelial  cell  lines.  However,  the 
resultant  phenotype  is  growth  inhibited  by  estradiol.176  A 
similar  phenotype  occurs  when  breast  cancer  cells  are  trans¬ 
fected  with  ER.110  This  E2-inhibited  phenotype  appears 
counterintuitive,  because  estrogens  are  generally  considered 
mitogens  in  both  normal  and  neoplastic  breast  tissues.  Nev¬ 
ertheless,  these  potentially  “normal”  cells  are  important 
models  that  provide  the  opportunity  to  study  aspects  of  the 
biology  of  normal  mammary  epithelial  cells,  to  identify 
agents  that  may  contribute  to  the  malignant  transformation 
of  normal  mammary  cells,  and  to  determine  phenotypic  and 
genotypic  perturbations  associated  with  this  process. 

Benzo(a)Pyrene-Immortalized  184  and  B5  Lineages 
from  Reduction  Mammoplasties 

Stampfer  and  Bartley173  have  successfully  established  pri¬ 
mary  organoid  cultures  from  normal  reduction  mammo- 
plasty  tissues.  The  source  tissues  for  these  cultures  were 
essentially  resting,  in  that  they  were  not  obtained  during  a 
functional  or  active  period,  such  as  early  pregnancy,  lacta¬ 
tion,  or  involution.173  These  cells  can  readily  be  immortal¬ 
ized  by  treatment  with  benzo(r/)pyrene  (e.g.,  184  cells). 
Immortalized  normal  mammary  epithelial  cells  can  exhibit 
evidence  of  their  breast  epithelial  origin.  For  example,  the 
cells  are  clearly  epithelial,172  express  several  human  milk  fat 
globulin  antigens,  and  synthesize  a-lactalbumin  and  13- 
casein. 173  Although  immortalized — that  is,  they  can  be 
maintained  continuously  in  vitro — these  cells  are  not  con¬ 
sidered  transformed  according  to  several  criteria,  including 
their  inability  to  form  tumors  in  nude  mice  or  significant 
anchorage-independent  growth.173 

Transformation  of  Immortalized  Human  Mammary 
Epithelial  Cells  with  Oncogenes 

The  introduction  of  viral  or  cellular  oncogenes  into 
benzo(r/)pyrene-immortaIized  human  mammary  epithelial 
cell  lines  results  in  a  stepwise  progression  from  a  normal  to 
a  malignant  phenotype. 173,1 77-1 79  Two  distinct  immortalized 
lineages  (184AIN4  and  184B5)  have  been  characterized 
after  transformation  by  several  viral  oncogenes.  Tumori- 
genicity  in  nude  mice  is  observed  after  infection  of  the 
benzo(tf)pyrene-immortalized  184A1N4  subline  with  v-Ha- 
ras  (A1N4-H),  but  not  v-mos  (A1N4-M),  c -myc  (A1N4- 
myc),  or  SV40T  (A1N4-T;  after  limited  passaging  of 
cells).177  Although  they  are  nontumorigenic,  v-nios- ,  c -myc-. 


and  SWOT-transformed  cells  do  exhibit  phenotypic  trans¬ 
formation  and  autonomy  from  growth  factors  in  vitro  to 
varying  degrees.  Combination  of  v-Ha-ra.v  with  v-mos 
(A1N4-MH)  or  SWOT  (A1N4-TH)  resulted  in  highly  malig¬ 
nant  and  metastatic  tumors  in  the  nude  mouse.1 77,178  Consis¬ 
tent  with  the  effects  of  v-Ha-w.v  on  the  A1N4  cell  line, 
infection  of  the  184B5  subline  with  v-Ki-ra.v  (B5kTu  cells) 
also  confers  tumorigenicity  in  nude  mice.173 

MCF-10A,  MCF10AT,  and  MCF10AT1 

Soule  et  al.175  have  described  a  spontaneously  immortal¬ 
ized  “normal”  human  breast  epithelial  cell  line  (MCF-10). 
The  cells  were  isolated  from  mastectomy  tissue  obtained  from 
a  36-year-old  premenopausal  woman  with  benign  fibrocystic 
disease.  After  849  days  in  culture,  a  population  designated 
MCF-10A  was  established.  These  cells  exhibit  a  stable 
t(3;9)(3pl3;9p22)  translocation.175  The  MCF-10A  cells 
resemble  luminal  epithelial  cells  rather  than  myoepithelial 
cells,  and  express  antigens  for  several  keratins  and  epithelial 
sialomucins.180  The  cells  are  nontumorigenic  in  nude  mice 
and  do  not  exhibit  anchorage-independent  growth.175  These 
cells  have  also  been  used  to  assess  the  transforming  ability  of 
several  oncogenes.  Transfection  with  the  ER  gene  was  not 
sufficient  to  produce  transformation.111  MCF-10  cells 
cotransfected  with  the  erb- b2  and  Ha-ra.v  oncogenes  (MCF- 
10A  HE)  exhibited  a  substantial  increase  in  soft  agar  clono- 
genicity  but  lacked  significant  tumorigenicity  in  nude  mice.181 

Transformation  with  the  Ha -ras  oncogene  alone 
(MCF10AT)  caused  an  increase  in  clonogenicity  chemotaxis 
and  degradation  of  basement  membrane  in  vitro.m  How¬ 
ever,  the  cells  are  poorly  tumorigenic  in  nude  mice.  Small, 
palpable  nodules  do  arise,  and  these  can  persist.183  Sporadic 
progression  to  carcinoma  was  observed,  and  cells  from  one 
of  these  was  reestablished  in  vitro  (MCF10AT1).  MCF10T1 
cells  can  produce  simple  ducts  when  embedded  in  Matrigel 
and  transplanted  into  immunodeficient  mice.183,184  Up  to 
25%  progress  to  invasive  carcinoma.184  Expression  of  c-erb- 
b2  was  detected  in  50%  of  the  atypical  hyperplasias  and 
78%  of  the  invasive  adenocarcinomas.185  These  cells  pro¬ 
vide  an  important  and  unique  model  for  the  progression 
from  atypical  hyperplasia  to  carcinoma. 

HBL-100 

The  HBL-100  cell  line  is  comprised  of  cells  obtained 
from  an  early  lactation  sample.186  The  cells  have  been 
described  as  being  of  myoepithelial  origin. 187  The  donor  was 
an  apparently  healthy  woman  and  had  no  evidence  of  breast 
lesions.186,188  The  cells  can  form  colonies  in  soft  agar,  how¬ 
ever,  and  are  aneuploid.186  Although  early  passage  cells  are 
nontumorigenic,  HBL-100  cells  become  tumorigenic  after 
repeated  passage  in  vitro ,  generally  around  passage 
70  187.189  i9i  appears  to  be  associated  with  the  acquisi¬ 
tion  of  specific  marker  chromosomes192  and  alterations  in 
microfilament  and  microtubules,189  and  overexpression  of 


23.  In  Vitro  Models  /  345 


an  89-kd  heat  shock  protein  in  late  passage.193  Although 
some  HBL-100  cell  stocks  contain  Mason-Pfizer  monkey 
virus,194  the  ability  to  acquire  a  transformed  phenotype 
appears  to  be  related  to  the  incorporation  of  SV40  sequences 
into  the  genome.188’190’195’196  The  cells  bind  and  respond  to 
glucocorticoids  and  EGF,197  and  express  functional  P-adren- 
ergic  receptors198  and  the  IGF-I  receptor.199  Although  HBL- 
100  cells  are  negative  for  ER  and  prolactin  receptors,200  they 
may  require  activity  of  their  FGF-2  autocrine  loop  for  max¬ 
imal  proliferation.201 

Although  these  cells  are  derived  from  an  apparently  normal 
donor,  it  is  not  entirely  clear  that  they  can  be  considered  to 
represent  normal  mammary  cells.  Care  must  be  exercised 
when  selecting  HBL-100  cells  as  a  model  of  normal  breast 
cells.  For  such  a  model,  their  use  should  probably  be 
restricted  to  cultures  of  as  early  a  passage  as  possible,  and 
almost  certainly  to  cells  of  passages  earlier  than  70.  Under 
other  circumstances,  HBL-100  cells  provide  a  potentially  use¬ 
ful  model  in  which  to  study  transformation  and  progression. 

IN  VITRO  MODELS  FOR  STUDYING 
INVASION  AND  METASTASIS 

To  metastasize  effectively,  cells  must  accomplish  a  com¬ 
plex  compendium  of  activities,  including  escape  from  the 
primary  lesion,  avoidance  of  immune  surveillance,  and  pen¬ 
etration  into  normal  tissue  at  distant  sites.202  Invasion  of 
extracellular  matrices  occurs  repeatedly  in  this  process,  and 
basement  membrane  invasion,  in  particular,  has  received 
considerable  attention.203  The  loss  of  basement  membrane  at 
the  parenchymal-mesenchymal  interface  of  locally  invasive 
tumors  has  been  closely  associated  with  metastatic  dissemi¬ 
nation  204~206  The  uniformity  of  basement  membrane  com¬ 
position  and  structure  suggests  that  the  molecular 
mechanisms  involved  in  basement  membrane  recognition, 
attachment,  degradation,  and  traversal  may  yield  novel  tar¬ 
gets  for  cancer  therapy.  Several  in  vitro  models  have  been 
used  to  study  the  process  of  basement  membrane  invasion 
and  its  relationship  to  malignant  progression. 

In  Vitro  Assays  for  Invasive  Potential 

The  development  of  Matrigel,  a  reconstituted  basement 
membrane  extract  from  the  EHS  (Engelbreth-Holm-Swarm) 
sarcoma,207  has  been  instrumental  in  facilitating  compositional 
and  functional  analyses  of  basement  membranes.  Matrigel  is 
liquid  at  4°C,  so  that  various  manipulations  are  possible  before 
it  sets  into  a  homogeneous  gel  at  37°C.  Matrigel  contains  the 
major  basement  membrane  components,  including  laminin, 
collagen  type  IV,  and  heparan  sulfate  proteoglycan.  Matrigel 
has  been  used  in  two  different  assays  to  examine  in  vitro  inva¬ 
siveness  of  breast  cancer  cells 208 

The  Boyden  chamber  chemoinvasion  assay209  compares 
the  ability  of  cells  to  traverse  a  Matrigel-coated  polycarbon¬ 
ate  filter  as  they  migrate  toward  different  chemical  attrac- 


tants.  Invasive  cells,  stained  on  the  lower  filter  surface,  can 
be  quantitated  either  by  image  analysis  or  crystal  violet 
staining.210  Although  the  assay  was  originally  developed  in 
modified  blind-well  Boyden  chambers,  two-compartment 
chamber  systems,  such  as  Transwell  from  Gibco  (Rockville, 
MD)  and  Bio-Coat  wells  from  Collaborative  Research/ 
Beckton  Dickinson  Labware  (Franklin  Lakes,  NJ),  have 
been  used  successfully.  Other  adaptations  include  prelabel¬ 
ing  of  the  cells  with  either  a  nontoxic  fluorescent  dye  or 
radioactive  agent  to  facilitate  quantitation  of  invaded  cells. 

The  ability  of  cells  to  form  invasive  colonies  when 
embedded  in  a  three-dimensional  gel  of  Matrigel  is  com¬ 
pared  qualitatively  in  the  Matrigel-outgrowth  assay.209’210 
Cells  dispersed  in  a  three-dimensional  layer  of  Matrigel  are 
examined  after  culture  for  2  to  10  days.  Although  dispersal 
of  single  cells  throughout  the  upper  layer  of  Matrigel  pro¬ 
vides  the  most  stringent  test  for  invasive  outgrowth,  charac¬ 
teristic  morphologies  can  be  achieved  more  rapidly  with 
cells  sandwiched  between  two  layers  of  Matrigel  or  simply 
plated  on  top  of  Matrigel. 

The  presence  or  lack  of  ER  is  an  important  determinant  of 
both  prognosis  and  choice  of  treatment  of  breast  cancer.  The 
hormone-responsive  or  hormone-dependent  breast  cancer 
cell  lines  represent  a  model  system  for  the  analysis  of  hor¬ 
monal  influences  on  the  invasive  process.  Effects  of  estro¬ 
gens,  antiestrogens,  and  progestins  on  the  in  vitro 
invasiveness  of  steroid-dependent  and  steroid-responsive 
human  breast  cancer  cells  have  been  reviewed.211-214  In 
addition,  progression  to  hormone  independence  has  impli¬ 
cations  for  invasiveness  and  metastasis.  For  example,  MCF- 
7/MIII  and  MCF-7/LCC1  cells  have  been  shown  to  acquire 
an  increased  metastatic  potential  as  they  become  estrogen 
independent.61  This  increased  metastatic  potential  is 
reflected  in  increased  activity  in  the  Boyden  chamber62  (but 
not  in  Matrigel  outgrowth  assays),  increased  local  invasive¬ 
ness  in  vivo ,  and  an  ability  to  produce  occasional  distant 
metastases  in  nude  mice.61 

To  examine  the  hypothesis  that  ER-  human  breast  cancer 
cell  lines  are  constitutively  more  invasive  than  their  ER+ 
counterparts,  a  large  number  of  the  human  breast  cancer  cell 
lines  described  above  have  been  examined  for  invasiveness 
in  the  Boyden  chamber  assay  in  vitro  and  for  metastatic 
potential  in  the  nude  mouse.  These  studies  clearly  indicate 
that  the  majority  of  ER-  cell  lines  are  inherently  more 
aggressive  than  ER+  cells  both  in  vitro  and  in  vivo.1'20* 
Because  the  incidence  of  distant  metastases  is  significantly 
lower  and  less  reproducible  than  that  observed  in  the  MDA- 
MB-435  cells,  the  MCF-7/MIII  and  MCF-7/LCC1  cells 
appear  to  represent  a  phenotype  intermediate  between  the 
poorly  invasive  MCF-7  and  the  metastatic  MDA-MB-435.61 

Cell  Lines  and  the  Epithelial-to-Mesenchymal  Transition 

An  emerging  development  in  progression  studies  for  breast 
carcinoma  is  the  immunocytochemical  analysis  of  markers 
characteristic  of  epithelial  or  mesenchymal  phenotypes.  The 
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mesenchymal  intermediate  filament  glycoprotein  vimentin 
(VIM)  has  been  associated  with  lack  of  ER,  high  growth  frac¬ 
tion,  and  poor  nuclear  grade  in  human  breast  cancer.21 5-21 9 
VIM  expression  in  the  tumor  component  is  indicative  of  an 
epithelial-to-mesenchymal  transition,  which  may  occur  during 
the  process  of  malignant  progression.  Consistent  with  this 
notion,  the  epithelial  marker  E-cadherin,  a  homotypic  cell 
adhesion  molecule,  is  lost  from  more  aggressive  tumors.22(V222 
Loss  of  E-cadherin  and  acquisition  of  VIM  expression  are 
events  that  characterize  the  epithelial-to-mesenchymal  transi¬ 
tion  that  occurs  during  embryogenesis.223 

To  begin  to  address  this  hypothesis,  the  invasiveness  of 
epithelial-like  (VIM-)  and  mesenchymal-like  (VIM+) 
human  breast  cancer  cells  has  been  compared  in  the  Boyden 
chamber  and  Matrigel  outgrowth  assays.  Irrespective  of  hor¬ 
mone  responsiveness,  VIM+  cells  exhibited  significantly 
higher  levels  of  both  in  vitro  invasiveness  and  metastatic 
potential  than  did  the  VIM-  negative  group.1-208  VIM 
expression  was  not  detected  in  cells  containing  ER  and  was 
present  in  only  some  of  the  cell  lines  lacking  ER,  whereas 
E-cadherin  was  expressed  functionally  in  all  cell  lines 
expressing  ER  as  well  as  some  that  had  lost  ER  expression 
and  did  not  express  VIM.  These  data  suggest  that  the  loss  of 
E-cadherin  expression  is  not  linked  to  hormone  indepen¬ 
dence  but  occurs  earlier  than  VIM  expression  in  the  pro¬ 
gression  cascade.  VIM  expression  also  appears  to  be 
downstream  of  hormone  independence. 

E-cadherin  expression,  indicative  of  an  epithelial  phenotype, 
is  associated  with  a  compacted  spherical  morphology  in  VIM- 
cell  lines  when  cultured  in  Matrigel.224  E-cadherin  is  not  pre¬ 
sent  in  any  VIM+  cell  lines.  Absence  of  both  E-cadherin  and 
VIM  is  associated  with  a  noninvasive  cluster-type  morphology. 
The  NCI/ADR-RES  cell  line,  derived  from  the  MCF-7  cells  by 
stepwise  selection  for  increasing  resistance  to  the  drug  adri- 
amycin  (see  the  previous  section,  Cells  Selected  for  Resistance 
against  Adriamycin),  is  interesting  in  this  regard.  Thought  to  be 
derived  from  the  E-cadherin+/ER+/VIM-  MCF-7  phenotype, 
this  subline  has  lost  ER  and  E-cadherin,  gained  VIM  expres¬ 
sion,  and  become  significantly  more  invasive.  Examination  of 
additional  adriamycin-resistant  and  vinblastine  sulfate-resis¬ 
tant  variants  of  the  MCF-7  and  ZR-75-1B  cell  lines  shows  that 
most,  but  not  all,  drug-resistant  sublines  expressed  VIM.223 
Understanding  of  the  relationships  among  drug  resistance,  VIM 
expression,  and  invasiveness  may  provide  important  clues  for 
the  optimization  of  chemotherapy  for  breast  tumors. 

The  MCF-7/MIII  and  MCF-7/LCC1  variants  retain  ER  and 
uvomorulin  (UVO)  expression,  generally  lack  VIM  expres¬ 
sion,  and  exhibit  somewhat  lower  levels  of  invasiveness  than 
the  VIM+  human  breast  cancer  cells.1,208  These  observations 
support  the  hypothesis  that  these  MCF-7  variants  represent  an 
intermediate  point  in  the  metastatic  progression  of  breast  can¬ 
cer.  The  metastatic  potential  of  the  MCF-7/MIII  and  MCF- 
7/LCC1  cells,  compared  with  the  ER-/VIM-  cell  lines  (e.g., 
MDA-MB-468),61  however,  suggests  that  metastatic  potential 
may  also  develop  independently  of  an  event  similar  to  the 
epithelial-to-mesenchymal  transition.226 


Oncogene  Expression  and  in  Vitro  Metastatic  Potential 

The  effects  of  oncogenes  on  mammary  cell  invasiveness 
have  been  examined.  The  ras  oncogene  is  perhaps  best  stud¬ 
ied  and  can  induce  the  invasive  phenotype  in  a  variety  of  both 
human  and  rodent  epithelial  systems.  Transfection  of  human 
bronchial  epithelial  cells  transfected  with  v-Ha-rav  increased 
both  invasiveness  in  vitro  and  metastatic  potential  in  the  nude 
mouse.227-228  In  NIH/3T3  cells,  transfection  with  either  v-Ha- 
ras  or  genomic  DNA  containing  various  forms  of  activated 
ras  also  resulted  in  increased  invasiveness  across  the  amniotic 
membrane  in  vitro  and  metastatic  dissemination  in  vivo.229 

MCF-7  cells  transfected  with  v-Ha -ras  show  increased  in 
vitro  invasivencss  of  Matrigel,  increased  migration  poten¬ 
tial,  and  increased  recognition  of  laminin,230  but  no  apparent 
increases  in  metastatic  potential  in  nude  mice. 231,232 
Although  both  of  the  184  sublines  (A1N4  and  B5)  are  trans¬ 
formed  to  a  tumorigenic  phenotype  by  expression  of  ras 
alone,  only  the  initially  more  invasive  A 1N4  cells  respond  to 
ras  transformation  with  increased  invasiveness.  The  refrac¬ 
tory  nature  of  the  184B5  cells  to  ra.v-induced  effects  on  inva¬ 
siveness,  despite  the  induction  of  tumorigenicity,  suggests  a 
possible  lineage  specificity  for  this  response  and  begins  to 
dissociate  ras  effects  on  tumorigenicity  from  invasiveness. 

Differential  induction  of  metastatic  potential  by  v-Ha-ra.v 
has  been  previously  reported.182  231233  Detailed  analysis  of  a 
highly  stable  rat  mammary  subclone  after  ras  transduction 
implicated  rapid  phenotypic  diversification  rather  than  direct 
effects  on  a  cascade  of  metastasis-effector  genes.234  No 
changes  similar  to  the  epithelial-to-mesenchymal  transition 
were  seen  after  ras  transformation  of  the  A1N4  or  B5  cells213 
or  in  the  ras-transfected  MCF-7  cells.211  In  contrast,  com¬ 
bined  transformation  of  184AlN4-immortalized  human 
mammary  epithelial  cells  with  v-Ha-ra.v  and  either  SV40T  or 
v-mos  induces  a  VIM+,  invasive  phenotype  indicative  of  the 
epithelial-to-mesenchymal  transition  event.213 

The  chemotactic  activity  and  invasive  property  of  the 
MCF-10A  cells  cotransfected  with  both  Ha-ras  and  erb- b2 
(MCF-10  HE  cells)  has  also  been  further  investigated  using 
the  Matrigel-based  assays.  MCF-10A  HE  cells  showed  ten¬ 
fold  higher  invasiveness  than  the  nontransfected  cells, 
formed  branching  colonies  in  Matrigel,  and  showed  a  high 
cloning  efficiency  in  soft  agar  (Thompson  et  al.,  unpub¬ 
lished  data ,  1999).  These  attributes  are  indicative  of  a  VIM+ 
phenotype  resulting  from  an  event  similar  to  the  epithelial- 
to-mesenchymal  transition. 

CONCLUDING  COMMENTS  ON  IN  VITRO  MODELS 

Human  breast  cancer  cell  lines  growing  in  vitro  and  as 
human  xenografts  in  vivo  have  a  central  role  in  most  basic  and 
preclinical  breast  cancer  research.  They  have  been  widely 
used  to  investigate  the  cellular  and  molecular  events  associ¬ 
ated  with  endocrine  responsiveness,  malignant  progression, 
invasiveness,  and  metastatic  potential.  With  the  increasing 
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restrictions  being  imposed  on  the  use  of  vertebrate  animals, 
and  the  relatively  limited  number  of  species  that  develop 
spontaneous  mammary  carcinomas,  the  emphasis  on  the  in 
vitro  use  of  human  breast  cancer  cell  lines  seems  likely  to 
increase  in  the  coming  decades.  Consequently,  the  introduc¬ 
tion  of  additional  representative  human  breast  cancer  cell 
lines,  particularly  hormone-responsive  lines,  and  the  realistic 
assessment  and  acknowledgment  of  the  caveats  associated 
with  the  use  of  in  vitro  models  are  critical. 

Some  Caveats  Regarding  the  Use  of  in  Vitro  Models 

Despite  their  widespread  use  and  the  considerable  data 
arising  from  it,  in  vitro  models  have  several  potential  limita¬ 
tions.  Relatively  few  well-characterized  ER+  cell  lines  exist. 
Although  these  cell  lines  tend  to  exhibit  comparable  estro¬ 
genic  responses  in  the  end  points  most  widely  applied,  the 
extent  to  which  these  observations  may  be  applied  to  all  ER+ 
human  breast  tumors  is  unclear.  Certainly,  many  of  the  most 
important  attributes,  such  as  growth  inhibition  by  antiestro¬ 
gens,  are  likely  to  closely  reflect  the  human  disease.  In  cases 
in  which  responses  differ  markedly  from  predicted  or 
observed  responses  in  humans,  such  as  growth  inhibition  by 
physiologic  levels  of  E2,  a  greater  degree  of  caution  is  clearly 
warranted.  A  clear  deficit  in  the  range  of  breast  cancer  cell 
lines  currently  available  is  the  relatively  small  number  of  ER+ 
and  E2-responsive  cell  lines. 

The  majority  of  steroid-responsive  cell  lines  have  been 
established,  not  from  solid  tumors,  but  from  malignant  effu¬ 
sions.  Although  such  effusions  can  occur  with  a  26%  to  49% 
frequency  in  breast  cancer  patients,235,236  they  may  not  be 
fully  representative  of  all  solid  tumors.  Despite  the  likely 
metastatic  origin  of  these  cells,  the  ER+  cell  lines  from  these 
sites  are  rarely  metastatic  in  vivo ,  even  in  severely  immuno¬ 
compromised  animals  (see  Chapter  22). 

The  most  widely  used  cell  lines  have  now  been  in  use  since 
the  1970s.  Subtle  changes  may  have  been  acquired  during  this 
period,  and  these  may  not  adequately  reflect  changes  that 
occur  in  human  tumors  in  patients.  Because  the  cells  are 
clearly  adapted  to  grow  in  vitro ,  the  perturbations  that  have 
conferred  this  ability  also  may  not  occur  in  patients’  tumors. 
Human  breast  tumors  are  highly  heterogeneous  and  contain 
many  subpopulations  of  cells  with  different  phenotypic  char¬ 
acteristics,  including  both  ER+  and  ER-  cells.237  In  contrast, 
breast  cancer  cell  lines  are  relatively  homogeneous.  This  can 
be  viewed  either  as  an  advantage  or  as  a  disadvantage. 
Although  responses  in  a  cell  line  may  not  fully  reflect  the 
response  of  a  complex  human  tumor,  they  do  provide  the  abil¬ 
ity  to  study,  in  considerable  detail  and  complexity,  the 
responses  of  cells  representative  of  tumor  subpopulations. 

In  principle,  cell  lines  are  like  any  other  experimental 
model.  When  their  limitations  are  openly  acknowledged  and 
appropriately  considered  in  experimental  design  and  data 
analysis,  they  can  provide  useful  and  important  tools.  Other¬ 
wise,  the  risk  exists  of  overinterpretation  of  data  or  the  pursuit 
of  a  potential  in  vitro  artifact.  As  a  generalization,  those  obser¬ 


vations  from  in  vitro  models  that  clearly  reflect  the  human  dis¬ 
ease  are  more  likely  to  reflect  real  events  and  lead  to  new 
insights  into  mechanistic  processes.  When  these  models  are 
used  to  generate  hypotheses  for  future  testing  in  humans,  the 
validity  of  the  observation  awaits  completion  of  the  human  tri¬ 
als.  Thus,  major  strengths  of  in  vitro  models  include  the  abil¬ 
ity  (a)  to  study  a  specific  cell  type  and  elucidate  the  mechanism 
of  its  response  to  agents  at  the  cellular  and  molecular  level, 
(b)  to  identify  mechanistic  processes  by  comparing  related  cells 
with  different  phenotypic  characteristics,  (c)  to  facilitate  further 
hypothesis  generation  and  testing  in  vivo  when  cells  are  grown 
as  xenografts,  and  (d)  to  generate  hypotheses  for  testing  in  the 
ultimate  model,  the  human  being. 

Establishment  and  Characterization 

of  New  Breast  Cancer  Cell  Lines  and  Variants 

Despite  the  presence  of  a  number  of  breast  cancer  cell  lines2 
and  the  emergence  of  new  cell  lines,238  only  three  of  those  that 
are  in  common  or  widespread  usage  (the  parental  MCF-7, 
T47D,  and  ZR-75-1)  are  clearly  estrogen  dependent  or  estro¬ 
gen  responsive.  Few  of  the  established  cell  lines  are  metastatic 
in  nude  mice,  and  those  that  metastasize  with  a  high  frequency 
are  generally  ER-.  Thus,  new  breast  cell  lines  from  malignant, 
solid  metastatic  (e.g.,  bone,  lung),  and  normal  tissues — specif¬ 
ically,  steroid-hormone-responsive  cell  lines — are  needed. 
Unfortunately,  breast  cancer  cells  from  patients’  tumors  are 
notoriously  difficult  to  establish  in  vitro.239'241  The  take  rate 
for  xenografts  of  tumor  tissue  in  immunocompromised  rodents 
also  is  relatively  poor,  although  it  is  generally  higher  than  that 
for  direct  in  vitro  growth.242  Also,  a  well-characterized  panel  of 
nonmalignant  breast  epithelial  cell  lines  that  could  be  used  for 
comparative  studies  is  notably  absent.  Of  those  “normal”  cell 
lines  available,  none  is  steroid  hormone  responsive.172,173 

New  breast  cancer  cell  lines  require  careful  description 
and  characterization.  When  possible,  the  characteristics  and 
history  of  the  patient  (e.g.,  age,  sex,  race,  treatment)  and  the 
known  characteristics  of  the  tumor  (e.g.,  histopathologic 
diagnosis,  tumor  grade,  nodal  status,  ER  and  PR  expression, 
S-phase/proliferativeness,  and  any  other  pertinent  informa¬ 
tion)  should  be  provided.  The  human  origin  of  the  tissues 
should  be  confirmed,  and  a  karyotype  and  isoenzyme  profile 
should  be  reported.  Typical  polymorphic  enzymes  analyzed 
include  lactate  dehydrogenase,  glucose-6-phosphate  dehy¬ 
drogenase  (EC  1.1.1.49),  phosphoglucomutase- 1  (EC 
2.7.5. 1),  phosphoglucomutase-3  (EC  2.7.5. 1),  esterase  D 
(EC  3. 1.1.1),  mitochondrial  malic  enzyme  (EC  1.1.1.40), 
adenylate  kinase  (EC  2.7.4.3),  and  glyoxalase  (EC  4.4. 1.5). 14 
These  data  are  particularly  useful  in  confirming  the  origin  of 
a  variant  as  being  derived  from  its  parent  and  in  excluding 
contamination  of  a  new  cell  line  with  cells  of  an  established 
cell  line.  To  this  end,  we  have  routinely  used  the  services  cur¬ 
rently  provided  by  Dr.  Joseph  Kaplan  through  the  Cell  Cul¬ 
ture  Laboratory  of  the  Children’s  Hospital  of  Michigan  in 
Detroit.  This  facility  is  currently  maintained  under  National 
Cancer  Institute  contract  to  provide  these  services. 
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The  general  characteristics  of  the  new  cell  line  or  variant 
should  be  clearly  provided.  This  includes  in  vitro  growth 
characteristics  (e.g.,  culture  conditions,  cell  doubling  time, 
split  ratio,  and  the  passage  number  at  which  these  data  were 
obtained)  and  the  hormone-receptor  profile  and  endocrine 
responsiveness.  A  description  of  the  morphology  of  the  cells 
(e.g.,  ultrastructural  analyses),  particularly  one  that  addresses 
tissue  origin  or  evidence  of  differentiated  function  (e.g., 
secretory  activity,  production  of  milk  proteins),  is  strongly 
encouraged.2 

The  tumorigenicity  of  a  new  cell  line  should  be  determined 
in  at  least  one  immunocompromised  rodent  model  (preferably 
several)  and  reported.  Different  immunocompromised  mice 
strains  can  exhibit  different  abilities  to  support  xenografts, 
and  the  model  in  which  tumorigenicity  is  assessed  should  be 
clearly  indicated.  The  inability  to  form  tumors  in  athymic 
nude  mice  may  not  indicate  that  the  cells  are  nontumorigenic 
in  other  strains  (e.g.,  scid\  see  Chapter  22).  The  histology  of 
any  arising  tumors  should  be  compared  with  that  of  the  orig¬ 
inal  tumor  when  possible.  The  presence  of  any  metastases  and 
their  histology  also  should  be  documented.  When  available, 
any  other  pertinent  data  (e.g.,  oncogene  expression  or  ampli¬ 
fication)  should  also  be  provided. 

The  designation  of  a  cell  line  or  variant  should  follow  the 
guidelines  of  the  Tissue  Culture  Association  and  should 
reflect  both  the  tissue  of  origin  and  the  laboratory  in  which 
it  was  established.243  For  our  variant  cells,  we  have  chosen 
to  use  a  designation  that  appends  our  institution  to  that  of  the 
original  (parental)  cell  line  (e.g.,  MCF-7/LCC1). 

Cell  Culture  Conditions 

The  choice  of  culture  conditions  often  can  inadvertently 
influence  the  experimental  outcome.  For  example,  for  many 
years,  insulin  was  routinely  added  to  the  cell  culture  media 
used  to  maintain  breast  cancer  cells.  Although  insulin  is  a 
potent  mitogen  for  many  of  these  cells,  it  does  not  appear  to 
be  required  for  growth  in  vitro  in  serum-supplemented 
media  for  most  human  breast  cancer  cell  lines.  Insulin  can 
down-regulate  ER  expression,  however.244  Insulin  and  EGF 
have  been  added  to  serum-free  media  for  breast  cancer 
cells,245  and  both  can  influence  the  growth-inhibitory  effects 
of  antiestrogens.246’247  Phenol  red  is  widely  used  as  a  pH 
indicator  in  cell  culture  media.  A  contaminant  in  phenol  red 
is  known  to  be  estrogenic,  and  this  activity  can  alter  both  the 
growth  and  antiestrogen  responsiveness.248  249 

Serum  contains  various  growth  factors  and  steroid  hor¬ 
mones.  The  steroids  can  be  readily  removed  by  treatment  with 
charcoal-coated  dextran.250  MCF-7  cells  also  can  use  the 
steroid  sulfates  present  in  serum.251  These  steroid  sulfates  can 
be  removed  by  prior  treatment  with  sulfatase.250  The  growth 
factors  and  other  proteins  can  be  chemically  inactivated  to 
produce  a  growth  factor-free  serum.252  The  concentration  of 
serum  used  also  can  be  important.  The  dose-response  rela¬ 
tionship  for  antiestrogens  is  altered  significantly  by  serum 
concentration.253  We  have  found  a  final  concentration  of 
either  5%  fetal  calf  serum  or  5%  charcoal/dextran-stripped 


serum  to  provide  appropriate  in  vitro  growth  characteristics 
for  most  human  breast  cancer  cell  lines.  The  concentrations  of 
steroids,  growth  factors,  and  other  constituents  in  serum  may 
vary  considerably  from  batch  to  batch. 

Estrogens  remain  within  cells  for  several  days,254  and  when 
stripping  cells  of  endogenous  estrogens,  one  must  often  thor¬ 
oughly  wash  cell  monolayers  and  maintain  cells  for  several 
days  in  the  absence  of  estrogens.  We  routinely  wash  cells  at 
least  three  times  with  phenol  red-free  media  supplemented 
with  5%  dextran/charcoal-stripped  serum  and  maintain  the 
washed  monolayers  in  this  medium  for  a  further  3  to  5  days 
to  ensure  adequate  removal  of  endogenous  steroids.14’62 

The  cell-seeding  density  also  can  have  considerable 
effects  on  cellular  growth  and  metabolism.  Cells  seeded  at 
different  densities  have  previously  been  demonstrated  to 
exhibit  both  different  cell  population  doubling  times  and  dif¬ 
ferences  in  methotrexate  poly-y-glutamate  formation.99  In 
many  instances,  one  must  closely  control  for  seeding  den¬ 
sity,  proliferative  capacity,  confluence,  and  serum  batch. 
The  handling  of  cells,  including  duration  of  trypsinization 
and  time  at  room  temperature  during  passage  or  treatment, 
may  also  be  important.  For  some  cell  lines,  a  trypsinized  cell 
suspension  must  be  passed  through  a  sterile  needle  to  gen¬ 
erate  a  single  cell  suspension. 

These  examples  indicate  the  general  importance  of  closely 
controlling  cell  culture  conditions.  The  reader  is  referred  to 
several  excellent  books  on  tissue  culture  techniques  for  a 
more  detailed  description  of  cell  culture  procedures.255"257 

SUMMARY 

The  development  of  stable  cell  lines  derived  from  malig¬ 
nant  and  normal  human  breast  tissue  has  been  of  consider¬ 
able  use  in  breast  cancer  research,  and  such  cell  lines 
continue  to  occupy  a  central  position  in  basic  breast  cancer 
research.  These  cell  lines  provide  the  ability  to  conduct  stud¬ 
ies  that  could  not  easily  be  performed  in  experimental  ani¬ 
mals  or  human  beings.  The  ease  of  use,  relatively  low  cost 
of  maintenance,  general  reproducibility  of  phenotype,  and 
ability  to  mimic  properties  seen  in  tumors  in  patients  are 
considerable  advantages.  However,  the  use  and  applicability 
of  cell  lines  are  not  without  limitations.  For  example,  cell 
lines  cannot  be  used  to  reliably  predict  in  vivo  toxicity  or  to 
assess  the  toxicologic  properties  of  new  agents.  Cell  lines 
also  may  be  ineffective  in  establishing  mechanisms  of  drug 
metabolism  or  in  elucidating  critical  tumor-host  interac¬ 
tions.  Their  metabolic  adaptations  to  in  vitro  growth  may  not 
reflect  adaptations  that  occur  in  vivo.  Nevertheless,  breast 
cancer  cell  lines  have  been  used  successfully  for  many  years 
to  generate  new  hypotheses,  screen  new  agents,  and  study 
the  biology  of  breast  cancer.  Many  cell  lines  have  the  advan¬ 
tage  of  being  tumorigenic  and  thus  can  facilitate  further 
studies  in  vivo  in  experimental  animals.  Provided  their  limi¬ 
tations  are  freely  acknowledged,  human  breast  cancer  cell 
lines  will  continue  to  provide  one  of  the  most  powerful  tools 
in  breast  cancer  research. 
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Summary 

Considerable  effort  has  been  placed  into  the  identification  of  new  antineoplastic  agents  to  treat  breast 
cancer  and  other  malignant  diseases.  The  basic  approaches,  in  terms  of  model  selection,  endpoints,  and 
data  analysis,  have  changed  in  the  previous  few  decades.  This  article  deals  with  many  of  the  issues 
associated  with  designing  in  vivo  studies  to  investigate  the  activity  of  experimental  and  established 
compounds  and  their  potential  interactions.  Endpoints  for  both  in  situ  and  excision  assays  are  described, 
including  approaches  for  determining  cell  kill,  tumor  growth  delay,  survival,  and  other  estimates  of 
activity.  Suggestions  for  approaches  that  may  limit  the  number  of  animals  also  are  included,  as  are 
possible  alternatives  for  death  as  an  experimental  endpoint.  Other  concerns,  such  routes  for  drug 
administration,  drug  dosage,  and  preliminary  assessments  of  toxicity  also  are  addressed.  Statistical 
considerations  are  only  briefly  discussed,  since  these  are  addressed  in  detail  in  the  accompanying  article 
by  Hanfelt  (Hanfelt  JJ,  Breast  Cancer  Res  Treat  46:279-302,  1997).  The  approaches  suggested  within  this 
article  are  presented  to  draw  attention  to  many  of  the  key  issues  in  experimental  design  and  are  not 
intended  to  exclude  other  approaches. 


Introduction 

The  disseminated  nature  of  breast  cancer  and  the 
development  of  crossresistant  tumors  are  the 
primary  causes  of  failure  of  current  therapies.  By 
the  time  many  tumors  are  detected,  there  is  a  high 
probability  that  metastatic  lesions  will  be  present, 
many  of  which  may  already  contain  resistant  sub¬ 
populations  [1],  Not  surprisingly,  there  is  sub¬ 
stantial  interest  in  the  identification  of  novel 


cytotoxic  and  endocrine  agents  for  the  treatment 
of  breast  cancer. 

A  systemic  approach  is  required  to  eradicate 
the  majority  of  metastatic  breast  disease,  and  this 
remains  primarily  in  the  form  of  cytotoxic  chemo¬ 
therapy  or  endocrine  manipulation.  The  latter 
began  with  the  initial  studies  on  oophorectomy  by 
Beatson  [2]  and  was  followed  by  the  administra¬ 
tion  of  high  dose  estrogens.  These  were  largely 
replaced  by  the  development  of  antiestrogens, 
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Table  1.  Several  of  the  human  breast  tumor  cell  lines  used 
as  xenografts  in  the  current  NCI  drug  screening  program* 


Cell  Line 

ER  status 

Citation 

BT-549 

negative 

** 

Hs578T 

negative 

(106) 

MCF-7 

positive 

(107) 

MCF7/ADR 

negative 

(39,40,106) 

(multidrug  resistant) 

MDA-MB-231 

negative 

(108,109) 

(metastatic) 

MDA-MB-435 

negative 

(108-110) 

(metastatic) 

T47D 

positive 

(in) 

*  Kindly  provided  by  Dr.  Joseph  Mayo. 


**  There  is  no  primary  citation  for  this  cell  line  listed  by 
the  provider  (ATCC,  Rockville,  MD),  who  indicate  in  their 
“Catalogue  of  Cell  Lines  and  Hybridomas”  that  the  cells 
were  derived  from  a  papillary  invasive  ductal  tumor  in  a 
72-year  old  patient.  Metastatic  disease  was  found  in  three 
of  seven  regional  lymph  nodes.  The  originators  were  Drs. 
W.G.  Coutinho  and  E.Y.  Lasfargues.  A  discussion  of  other 
human  breast  cancer  cell  lines  can  be  found  elsewhere 
[112]. 

initially  the  triphenylethylene  Tamoxifen  [3]  and, 
more  recently,  introduction  of  the  steroidal  anti¬ 
estrogen  ICI  182,780  [4].  Other  endocrine  strate¬ 
gies  include  the  use  of  inhibitors  of  estrogen 
biosynthesis,  primarily  aromatase  inhibitors,  and 
the  use  of  LHRH  agonists  and  antagonists. 

The  use  of  chemotherapeutic  agents  in  the 
management  of  neoplastic  disease  began  with 
Rhoad’s  description  of  the  use  of  nitrogen  mus¬ 
tard  for  the  treatment  of  Hodgkin’s  lymphoma 
[5].  The  number  of  cytotoxic  agents  available  has 
increased  substantially  over  the  intervening  years, 
with  breast  tumors  generally  exhibiting  good 
overall  response  rates  to  several  cytotoxic  drug 
combinations.  While  chemotherapy  can  produce 
gains  in  overall  survival,  most  patients  with 
metastatic  breast  cancer  will  eventually  recur. 
Many  reasons  may  account  for  this  failure, 
including  poor  dose  scheduling,  inappropriate 
combinations  of  drugs  and  the  emergence  of  cell 
populations  resistant  to  the  antineoplastic  agents. 

Animal  models  provide  one  approach  for  the 


optimization  of  drug  scheduling  and  for  the 
identification  of  novel  compounds  that  exhibit 
promise  in  such  in  vitro  prescreens  as  those 
currently  utilized  by  the  National  Cancer  Institute 
[6].  For  many  years  a  primary  in  vivo  screen, 
utilizing  the  LI  210  and  P388  murine  leukemias, 
was  an  integral  part  of  the  NCI’s  preclinical  drug 
development  program.  However,  the  lack  of  a 
significant  representation  of  solid  human  tumors 
drew  criticism,  and  partly  explained  the  weakness 
of  the  screen  to  identify  new  agents  active  against 
the  more  common  solid  tumors,  including  breast 
cancer.  Perhaps  not  surprisingly,  the  screen 
appears  to  have  been  more  successful  in  identify¬ 
ing  agents  active  against  hematologic  malignan¬ 
cies.  Some  drugs  with  well  established  clinical 
efficacy  (busulfan,  hexamethylmelamine)  fail  to 
demonstrate  substantial  activity  in  the  L1210/P388 
screen  [7,8]. 

The  P388  and  LI 210  in  vivo  screen  has  largely 
been  replaced  by  panels  of  disease  specific  human 
tumor  cell  lines  (prescreen)  and  xenografts 
(primary  screen).  While  there  are  relatively  few 
ideal  in  vivo  models  for  breast  cancer,  several  of 
the  available  human  cell  lines  fulfil  some  of  the 
requirements  for  screening,  e.g.,  stable  phenotype, 
high  tumor  take  rate,  predictable  and  reproducible 
kinetic  properties.  Several  of  those  currently  used 
by  NCI  are  shown  in  Table  L 

Some  considerations  for  choice  of  model, 
scheduling,  dosage,  and  endpoint  will  be  dis¬ 
cussed  below.  The  discussions  and  issues  raised 
are  to  draw  attention  to  different  approaches  to 
experimental  design.  As  such,  these  should  be 
considered  in  the  light  of  the  other  articles  on 
experimental  design  and  data  analysis  in  this  issue 
and  elsewhere.  Some  issues  are  generic,  while 
others  are  more  directly  applicable  to  screening 
cytotoxic  activities,  and  may  be  of  lesser  rele¬ 
vance  to  testing  chemopreventive  and  endocrine 
agents.  It  is  hoped  that  the  topics  discussed  will 
assist  investigators  to  consider  key  issues  in 
experimental  design.  However,  these  are  pro¬ 
vided  only  as  suggestions.  There  are  many  ways 
to  identify  potentially  active  compounds  and  drug 
combinations,  and  these  are  constantly  being 
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modified  by  improvements  in  both  cellular  models 
and  approaches  to  the  use  of  animals  in  biomed¬ 
ical  research. 


Log  cell  kill  and  tumor  kinetics  in  cytotoxic 
cancer  chemotherapy 

Early  attempts  to  modify  cytotoxic  therapies  were 
largely  empirical.  The  initial  criteria  for  de¬ 
signing  cytotoxic  therapies  were  based  on  the 
observations  of  Skipper,  who  demonstrated  that 
cytotoxic  drug-induced  cell  kill  follows  a  similar 
kinetic  pattern  to  that  established  by  Arrhenius  at 
the  turn  of  this  century  for  the  killing  of  bacteria. 
The  log  cell  kill  hypothesis  states  that  cytotoxic 
drugs  kill  cells  by  first  order  kinetics  [9].  Thus, 
a  constant  proportion  of  the  cells  will  be  killed 
regardless  of  the  size  of  the  cell  population.  For 
many  cytotoxic  drugs  a  4-log  cell  kill  is  achiev¬ 
able  and  would  eradicate  a  tumor  population  of 
103  cells  and  have  a  one  in  ten  chance  of  elimin¬ 
ating  a  population  of  104  cells  [10].  However, 
clinically  detectable  primary  tumors  have  a  cell 
population  frequently  in  excess  of  109  cells. 
Many  metastases  also  could  contain  cell  popula¬ 
tions  greater  than  104  cells.  While  theoretically 
sound,  log  cell  kill  can  be  affected  by  several 
biological  parameters,  including  the  presence  of 
de  novo  resistant  cells,  the  degree  of  tumor 
vascularity,  and  other  factors  that  may  affect  drug 
perfusion  and  metabolism. 

The  principles  elucidated  by  Skipper  were 
further  modified  by  Norton  &  Simon,  who  ap¬ 
plied  Gompertzian  growth  kinetics  to  tumor  cell 
populations  [11].  This  clarified  the  inverse  re¬ 
lationship  between  growth  fraction  and  tumor 
size.  The  ability  of  a  cytotoxic  drug  to  inhibit 
tumor  cell  growth  was  determined  to  be  directly 
related  to  the  tumor’s  growth  rate,  which  also  is 
related  to  tumor  volume  [12].  The  tumor  mass 
killed  by  a  cytotoxic  treatment  is  proportional  to 
the  growth  fraction  multiplied  by  the  total  tumor 
volume  [12]. 

A  Gompertzian  kinetic  growth  pattern  pro¬ 
duces  a  growth  fraction  that  ultimately  decreases 


exponentially  with  time.  This  inverse  relationship 
between  tumor  size  and  growth  fraction  implies 
that  micrometastases  should  be  more  kinetically 
sensitive  to  cytotoxic  chemotherapy  than  larger 
tumor  masses  [13,14].  Thus,  early  intervention 
when  the  tumor  mass  is  small  should  provide  the 
greatest  opportunity  for  induction  of  remission. 
Metastases  tend  to  exhibit  a  more  rapid  tumor 
doubling  time  (TD)  than  primary  tumors,  particu¬ 
larly  for  the  common  solid  tumors  like  those  of 
the  breast  [15]. 

There  are  a  number  of  factors  that  contribute 
to  the  apparent  TD  of  any  tumor.  These  include 
the  rate  of  cell  production,  the  size  of  the  growth 
fraction,  cell  recruitment  from  G0,  and  the  rate  of 
cell  loss.  Cell  loss  includes  shedding  of  cells  into 
other  compartments,  e.g .,  metastasis,  differenti¬ 
ation  to  a  non-proliferating  cell  type,  or  entry  into 
prolonged  G0  and  apoptotic  cell  death.  The  high 
proportion  of  non-proliferating  or  normal  cells 
present  in  many  solid  tumors,  and  the  frequently 
high  rate  of  cell  loss,  generally  produce  tumors 
with  a  long  TD.  The  rate  of  cell  loss  may  be  as 
high  as  80%  of  the  rate  of  cell  production  [16]. 


Growth  kinetics  in  human  tumors  and  animal 
models 

The  kinetic  parameters  of  tumor  growth  represent 
one  of  the  major  differences  between  animal 
models  and  the  human  disease.  While  Gompertz¬ 
ian  kinetics  apply  to  experimental  tumors  and 
those  in  patients,  the  TDs  and  growth  fractions  are 
frequently  quite  different.  For  example,  many 
human  breast  tumors  exhibit  long  TDs  and  often 
small  relative  growth  fractions.  In  marked  con¬ 
trast,  human  breast  tumor  xenografts  generally 
have  short  Tds  and  high  growth  fractions.  Estro¬ 
gen-treated  MCF-7  tumors  (ER-positive)  have  TDs 
of  approximately  10-12  days  [17-19]  compared 
with  over  100  days  for  many  tumors  in  patients 
[20].  We  have  generated  several  estrogen-in- 
dependent  MCF-7  variants.  These  have  TDs  as 
long  as  100  days  when  grown  in  the  absence  of 
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estrogen,  but  grow  as  rapidly  as  parental  MCF-7 
tumors  in  estrogen-supplemented  mice  [17-19]. 
MDA435/LCC6  cells  (ER-negative,  ascites  variant 
of  MDA-MB-435)  growing  as  solid  tumors  have 
much  shorter  TDs  of  3-5  days  [21].  Most  of  the 
breast  cancer  xenografts  used  in  the  current  NCI 
screen  have  mean  TDs  of  2-10  days. 

The  differences  in  kinetic  properties  between 
xenografts  and  tumors  in  patients  would  tend  to 
make  the  xenografts  more  sensitive  to  agents  with 
a  strong  cell  cycle/cell  phase  specificity.  For  the 
purposes  of  a  primary  in  vivo  screen  for  novel 
agents,  a  limited  overestimate  of  activity  may  not 
be  a  major  concern.  For  studies  to  optimize 
scheduling  or  combinations  of  established  drugs, 
the  relative  sensitivity  of  the  in  vivo  screen  is  a 
concern  only  if  the  model  is  either  too  sensitive 
or  too  resistant  to  a  combination,  when  it  will 
become  difficult  to  assess  interactions.  Most  of 
these  concerns  are  readily  addressed  by  a  careful 
choice  of  in  vivo  model(s).  Various  schedules 
have  already  been  identified  for  the  established 
drugs;  examples  are  provided  in  Table  2. 

The  dose  response  relationship  and  dose 
intensity 

The  relationship  between  treatment  and  response 
is  described  by: 

k  =  C  x  t 

where  C  =  concentration;  t  =  time.  Thus,  res¬ 
ponse  should  be  approximately  equivalent  where 
C  x  t  values  (area  under  the  concentration  time 
curve)  are  equivalent.  This  can  enable  the  design 
of  clinically  relevant  in  vitro  analyses  of  estab¬ 
lished  drug  combinations  based  on  pharmacokin¬ 
etic  measurements  previously  obtained  in  patients 
or  animals.  Clinical  studies  can  utilize  the 
reasonable  across-species  dosage  relationship  of 
mg/m2  to  estimate  dose  from  data  obtained  in 
preclinical  animal  screening.  The  doses  may  re¬ 
quire  some  further  modification,  since  the  serum 
half-life  of  some  drugs  can  be  longer  in  man  than 
in  rodents  [22].  One  approach  is  to  use  1/1 0th 


the  maximum  tolerated  dose  (MTD)  in  rodents  as 
the  approximate  starting  dose  for  a  Phase  I  trial  in 
humans  [23].  Where  possible,  it  may  be  better  to 
use  a  dose  that  produces  comparable  pharmaco¬ 
kinetics,  since  this  can  increase  the  predictability 
of  the  mouse  xenograft-to-human  tumor  model 
[24]. 

The  pharmacokinetics  for  cytotoxic  drugs  are 
frequently  similar  in  mice  and  men  [25].  For 
many  drugs,  the  mouse  LD10  also  approximates 
the  MTD  in  humans  when  expressed  as  mg/m2 
[26].  However,  there  are  exceptions.  The  C  x  t 
values  at  the  LD10  are  higher  for  mitomycin  C, 
vincristine,  and  cyclophosphamide,  and  lower  for 
methotrexate  and  5-fluorouracil,  in  mice  when 
compared  with  humans  (reviewed  in  [26]). 

In  clinical  practice,  a  narrow  therapeutic  index 
is  frequently  responsible  for  the  reduction  of 
dosage  due  to  side  effects.  However,  the  steep 
dose  response  curve  for  most  cytotoxic  drugs  im¬ 
plies  that  even  a  small  perturbation  in  dosage  may 
produce  a  significant  change  in  response.  The 
effects  of  alterations  in  dosage  on  clinical  res¬ 
ponse  has  been  widely  reviewed  [22,27].  It  has 
been  suggested  that  a  major  contributing  factor  to 
the  failure  of  many  treatments  is  the  ad  hoc  re¬ 
duction  of  drug  dosage  [22]. 

It  has  been  widely  acknowledged  that  the  most 
effective  treatments  involve  a  high  dose  intensity 
chemotherapeutic  regimen.  This  is  partly  based 
on  the  steep  dose  response  relationship  for  most 
cytotoxic  drugs  and  various  other  clinical 
observations.  Dodwell  et  al  [27]  have  reviewed 
the  published  data,  and  reexamined  the  role  of 
dose  intensity  in  response,  for  a  number  of  the 
more  common  malignancies.  While  they  con¬ 
clude  that  high  intensity  regimens  can  produce 
significant  advantages  in  disease  free  survival, 
clear  demonstrations  of  increased  overall  survival 
are  obtained  much  less  frequently.  The  relation¬ 
ship  between  dose  intensity  and  response  often 
varies  with  both  drug,  tumor  model,  and  disease. 
Animal  models  provide  a  safe  and  logical  means 
to  explore  this  and  related  issues,  rather  than 
attempting  to  identify  appropriate  or  potentially 
dangerous  schedules  directly  in  patients. 
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Table  2.  Examples  of  dosages  and  schedules  for  several  established  cytotoxic  agents.  The  tumor  models  against  which  the 
drugs  were  tested  were  of  various  origins,  and  not  exclusively  breast.  Some  drugs  that  are  not  widely  used  in  breast  cancer 
are  included,  since  these  may  be  useful  as  controls  for  establishing  the  extent  to  which  a  tumor  model  reflects  the  human 
disease.  Toxicity  can  vary  with  strain,  sex,  age  and  other  parameters,  and  the  information  in  this  Table  reflects  that  diversity. 


Drug 

Dose1 

Route 

Schedule2 

Toxicity 

Citation 

Adriamycin 

6  mg/kg 

i.v. 

4,6,8 

ND3 

[67,113] 

6  mg/kg 

i.v. 

1,5,9 

ND 

[114] 

6.8  mg/kg 

i.p. 

single  dose 

none4 

[21] 

8.5  mg/kg 

i.p. 

single  dose 

LD5 

[21] 

24  mg/m2 

i.v. 

single  dose 

MTD 

[25] 

Ara-C6 

40  mg/kg 

s.c. 

24  hr  infusion 

none 

[115] 

50  mg/kg 

i.p. 

1-7 

alopecia 

[116] 

BCNU 

18  mg/kg 

i.p. 

single  dose 

LD 

[21] 

Methyl-CCNU 

18  mg/kg 

i.p. 

single  dose 

MTD7 

[71] 

Cyclophosphamide 

35  mg/kg 

i.p. 

single  dose 

alopecia 

[116] 

60  mg/kg 

i.p. 

0-4,  7-11 

ND 

[117] 

100  mg/kg 

i.v. 

1,5,9 

ND 

[114] 

143  mg/kg 

i.p. 

single  dose 

none 

[118] 

200  mg/kg 

i.p. 

1,15 

LD 

[119] 

286  mg/kg 

i.p. 

single  dose 

LD 

[118] 

290  mg/kg 

i.p. 

single  dose 

none/LD 

[81] 

5-Fluorouracil 

32  mg/kg 

i.p. 

5, 6, 7, 8 

ND 

[72] 

40  mg/kg 

i.p. 

1-4,  15-18 

LD 

[119] 

50  mg/kg 

i.p. 

0-4 

ND 

[117] 

60  mg/kg 

i.v. 

1,5,9 

ND 

[114] 

1 80  mg/m2 

i.p. 

single  dose 

MTD 

[25] 

Ifosfamide 

150  mg/kg 

i.v. 

single  dose 

none 

[77] 

300  mg/kg 

i.v. 

single  dose 

none 

[77] 

Melphalan 

12  mg/kg 

i.p. 

single 

ND 

[120] 

12  mg/kg 

i.p. 

0,4 

ND 

[120] 

Methotrexate 

4  mg/kg 

i.p. 

1,4,8,11,15,18 

LD 

[119] 

15  mg/kg 

i.v. 

1-5 

ND 

[119] 

20  mg/kg 

i.p. 

0-3 

ND 

[117] 

Mitomycin  C 

2  mg/kg 

i.v. 

1,15 

LD 

[119] 

2.5  mg/kg 

i.v. 

single  dose 

LD 

[121] 

4.5  mg/kg 

i.p. 

single  dose 

none 

[21] 

5  mg/kg 

i.p. 

single  dose 

ND 

[122] 

18  mg/m2 

i.p. 

single  dose 

MTD 

[25] 

C/s-Platinum 

4  mg/kg 

i.p. 

1,5,10 

ND 

[123] 

4  mg/kg 

i.v. 

1,5,10 

ND 

[123] 

7.5  mg/kg 

i.p. 

single  dose 

none 

[21] 

10  mg/kg 

i.p. 

single  dose 

ND 

[123] 

27  mg/m2 

i.p. 

single  dose 

MTD 

[25] 

Taxol 

20  mg/kg 

i.p. 

single  dose 

none 

[21] 

Taxotere 

15  mg/kg 

i.v. 

4,6,8 

MTD 

[67] 

Vinblastine 

3  mg/kg 

i.v. 

1,15 

LD 

[119] 

1  =  Dose/injection;  2  =  Schedule  is  given  as  days  unless  otherwise  indicated;  3  =  Not  defined  or  not  described;  4  =  None  reported 
or  no  deaths;  5  =  Lethal  dose  (one  or  more  deaths  attributed  to  drug-induced  toxicity);  6  =  1-P-D-arabinofuranosylcytosine;  7  = 
Approximate  MTD  as  defined  by  the  investigators. 


General  considerations  in  experimental 
design 

Choice  of  host  for  xenografts 

There  are  several  considerations  relating  to  the 
choice  of  immunocompromised  host,  including 
the  degree  of  immune-competence  and  the  ability 
of  the  strain  to  support  the  growth  of  the  tumor. 
For  syngeneic  tumors  the  choice  of  host  should  be 
obvious.  However,  the  choice  of  host  for  xeno¬ 
grafts  is  more  complex.  The  host  not  only  should 
facilitate  the  growth  of  the  tumor  but  also  should 
enable  the  tumor  to  maintain  a  biologically  rele¬ 
vant  phenotype.  It  also  is  useful  if  the  selected 
model  enables  some  estimation  of  the  selectivity 
of  drug  action  and  the  determination  of  potentially 
lethal  toxicides.  For  most  of  the  breast  cancer 
cell  lines/xenografts  available,  the  nu/nu  mouse  is 
sufficient,  irrespective  of  the  background  strain 
[28]. 

The  potential  for  immunological  modulation 
to  contribute  to  tumor  response  to  combination 
chemotherapy  is  an  important  consideration.  This 
is  particularly  relevant  when  the  combination 
includes  biological  response  modifiers  that  can 
influence  the  activation  of  cells  associated  with 
cell  mediated  immunity,  e,g.y  interferons  and 
interleukins.  In  some  cases,  it  may  be  desirable 
to  attempt  to  either  eliminate  or  exclude  effects 
on  the  immune  competence  of  the  host.  Thus,  the 
choice  of  an  appropriate  immune-deficient  strain 
may  become  paramount.  Since  the  different  im¬ 
munobiologies  of  available  rodent  hosts  have  been 
recently  reviewed  [28],  they  will  not  be  further 
discussed. 


Choice  of  appropriate  tumor  model 

The  model  used  for  the  screening  of  a  drug  sus¬ 
pected  of  activity  against  a  particular  tumor 
should  reflect  the  biological  properties  of  that 
tumor  as  closely  as  can  reasonably  be  achieved. 
For  example,  a  drug  active  against  a  leukemia 
with  a  short  TD,  high  growth  fraction,  and 


relatively  short  cell  cycle  time  would  be  less 
likely  to  demonstrate  activity  in  a  screen  against 
a  breast  tumor  with  a  longer  TD,  small  growth 
fraction,  and  long  cell  cycle  time.  Thus,  choice 
of  an  appropriate  model  to  screen  combinations  of 
agents  with  known  pharmacological  and  kinetic 
requirements  should  (where  possible)  closely 
reflect  the  major  biological  properties  of  the 
human  disease.  To  some  extent  the  model  also 
should  reflect  the  requirements  of  the  drug.  For 
example,  there  would  be  limited  value  assessing 
a  drug  expected  to  show  no  crossresistance  to  P- 
glycoprotein  without  including  a  model  that  ex¬ 
presses  P-glycoprotein. 

Selecting  a  breast  tumor  model  for  screening 
cytotoxic  compounds  can  be  problematic.  Rela¬ 
tive  to  the  murine  ascites  models,  most  solid 
breast  tumors  exhibit  a  relatively  slow  TD.  For 
example,  MCF-7  tumors  have  a  TD  of  approxi¬ 
mately  10-12  days  when  growing  in  appropriately 
estrogen  supplemented  animals  [19],  While  this 
may  be  acceptable  for  screening  antiestrogenic  or 
chemopreventive  agents,  estrogenic  supplementa¬ 
tion  can  alter  the  activity  of  some  cytotoxic  drugs 
[29,30].  In  general,  the  most  rapidly  proliferating 
human  breast  tumor  xenografts  do  not  express 
estrogen  receptors.  MDA435/LCC6  tumors  have 
Tds  of  2-3  days.  Since  the  parental  cell  line 
(MDA-MB-435)  was  obtained  from  a  patient  who 
had  not  received  chemotherapy,  these  models  may 
be  useful  in  screening  cytotoxic  agents  for  activity 
against  breast  cancer  [21].  The  MDA-MB-231 
cell  line  also  has  a  comparably  rapid  TD  in  vivo 
(R.  Clarke,  unpublished  observations).  The  more 
rapid  TDs  of  ER-negative  xenografts  broadly 
reflect  the  characteristics  of  such  tumors  in 
patients,  where  ER-negative  tumors  tend  to  have 
shorter  TDs  [31]. 

From  a  purely  practical  viewpoint,  relatively 
slowly  proliferating  breast  tumors  can  produce 
significant  problems  in  logistics  and  experimental 
design.  The  slower  growing  tumors  frequently 
exhibit  significant  intertumor  variability  and  can 
require  substantial  numbers  of  animals  to  enable 
meaningful  statistical  analysis  of  data.  Deter¬ 
mining  the  period  at  which  a  tumor  is  considered 
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"cured"  also  can  become  problematic.  Even  the 
more  rapidly  proliferating  solid  tumors  with  TD  = 
48  hr  may  require  up  to  four  months  of  post  treat¬ 
ment  observation  to  establish  "cure"  [32]. 

It  is  unlikely  that  any  one  tumor  model  will 
adequately  represent  the  major  biological  charac¬ 
teristics  of  a  particular  malignancy.  Thus,  the  use 
of  a  series  of  tumors  (where  appropriate/available) 
may  be  required  to  determine  the  sensitivity  of  a 
particular  neoplastic  disease  to  a  either  a  single  or 
a  combination  chemotherapy  regimen.  However, 
this  must  be  considered  in  the  context  of  reducing 
animal  usage,  cost,  and  the  value  of  the  additional 
data  obtained. 

For  breast  cancer,  there  are  several  potential 
models  available  for  screening  (Table  1).  Most  of 
the  ER-positive  models  require  estrogenic  supple¬ 
mentation  for  tumorigenicity  or  maximal  growth. 
We  have  generated  ER-positive  models  that  will 
grow  without  supplementation,  but  the  respective 
Tds  are  relatively  long  [19].  While  this  may  be 
more  representative  of  breast  tumors  in  general, 
this  characteristic  is  inappropriate  for  screening 
cell  cycle  or  cell  phase  specific  cytotoxic  com¬ 
pounds.  We  also  have  developed  an  ascites  mod¬ 
el  based  on  a  variant  of  the  MDA-MB-435  cell 
line  (MDA435/LCC6).  The  pattern  of  response  to 
a  variety  of  cytotoxic  drugs  appears  to  reflect 
closely  that  seen  in  breast  cancer  patients  [21]. 
For  example,  breast  cancers  in  general  respond 
poorly  to  nitrosoureas  [33],  as  do  MDA435/LCC6 
ascites  to  BCNU.  Etoposide  also  does  not  pro¬ 
duce  long  term  survivors,  and  this  drug  generally 
has  been  ineffective  as  a  single  agent  in  breast 
cancer  [34,35].  Adriamycin  [34],  mitomycin  C 
[36],  and  taxol  [37]  are  among  the  most  effective 
single  agents  in  previously  untreated  breast 
cancer,  and  all  of  these  drugs  produced  long  term 
survivors  in  mice  bearing  the  MDA435/LCC6 
ascites.  The  characteristics  of  several  breast 
cancer  xenografts  have  been  reviewed  elsewhere 
[28]. 

Another  example  of  the  choice  of  tumor 
model  is  in  studies  to  evaluate  P-glycoprotein 
reversing  agents,  compounds  which  may  have  sig¬ 
nificant  potential  in  some  breast  cancer  patients 


[38].  For  these  types  of  analyses  the  choice  of 
tumor  model  is  critical.  Cells  to  be  used  as 
xenografts  should  be  transfectants  rather  than 
selected  for  resistance,  since  selection  can 
produce  multiple  unrelated  resistance  mechanisms. 
For  example,  MCF-7ADR  (selected  for  resistance 
to  adriamycin  [39]),  but  not  MDR1 -transduced 
MCF-7  cells  (CL  10.3),  are  cross  resistant  to 
Tumor  Necrosis  Factor  [40].  Since  both  adria¬ 
mycin  and  Tumor  Necrosis  Factor  can  inhibit 
cells  by  the  generation  of  free  radicals  [41,42], 
this  cross  resistance  in  MCF7ADR  cells  suggests 
the  presence  of  functional  adriamycin  resistance 
mechanisms  in  addition  to  P-glycoprotein,  includ¬ 
ing  altered  expression  of  manganous  superoxide 
dismutase  [40].  These  cells  also  exhibit  increased 
glutathione  transferase  and  topoisomerase  II 
activities  [43,44].  The  use  of  transfected  cells 
allows  for  a  clearer  interpretation  of  the  data. 

Cells  concurrently  expressing  multiple  resis¬ 
tance  mechanisms  may  more  closely  reflect  the 
drug  resistance  that  occurs  in  patients  [38],  but 
interpreting  responses  in  a  mechanistic  light  may 
be  difficult.  This  does  not  invalidate  their  use 
where  the  purpose  is  simply  to  screen  compounds 
for  potential  antineoplastic  activity.  Indeed,  the 
choice  of  a  series  of  models  that  are  too  sensitive 
will  likely  identify  compounds  with  limited  activ¬ 
ity  in  patients,  whereas  active  compounds  identi¬ 
fied  in  otherwise  resistant  models  may  have  a 
higher  probability  of  being  active  in  patients  [45]. 
This  is  likely  to  be  true  in  principle,  but  the 
extent  to  which  it  applies  will  depend  upon 
whether  the  resistance  mechanisms  operating  in 
the  tumor  model  contribute  significantly  to  the 
resistance  phenotype  in  patients. 

It  is  apparent  that  there  are  two  potential 
types  of  screening  approaches,  each  with  different 
objectives  that  will  result  in  different  choices  of 
models.  Where  a  broad  based,  non-mechanism 
oriented  screen  is  required,  a  disease-specific 
panel  of  xenografts  with  widely  differing  but 
biologically  relevant  phenotypes  is  likely  to  be 
optimal.  Knowledge  of  the  pattern  of  response  to 
a  series  of  established  drugs,  for  each  component 
of  the  panel,  is  required.  Such  a  panel  might  be 
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expected  to  contain  both  sensitive  and  resistant 
models  (see  Table  1  for  examples  included  in  one 
possible  panel  for  breast  cancer).  For  a  mechan¬ 
ism  or  structure/function  based  screen,  the  choice 
of  components  is  likely  to  depend  upon  assump¬ 
tions  inherent  in  the  mechanism.  For  example, 
where  a  specific  target  is  identified,  the  panel 
may  contain  several  models  with  different  levels 
of  expression  of  the  target,  e.g.,  P-glycoprotein, 
multidrug  resistance  related  protein  [21,38,46,47]. 
In  many  cases,  this  requirement  may  be  most 
effectively  met  by  a  series  of  transfected  cell  lines 
and  their  respective  control  populations. 

Phenotypic  stability 

The  stability  of  the  phenotype  is  a  critical  deter¬ 
minant  for  tumor  model  selection.  Some  tumor 
xenografts  may  require  periodic  cycles  of  in  vivo/ 
in  vitro  growth  in  order  to  maintain  the  ease  of 
reestablishment  in  vitro  for  some  excision  cyto¬ 
toxicity  assays.  Prolonged  in  vivo  growth  of 
some  established  cell  lines  can  result  in  signif¬ 
icant  phenotypic  alterations.  We  have  described 
the  isolation  of  hormone-independent  sublines  of 
the  estrogen-dependent  MCF-7  human  breast  can¬ 
cer  cell  line  following  prolonged  selection  in  vivo 
[17,18].  While  responses  to  antiestrogens  remain 
unaltered  [18,48],  there  are  significant  changes  in 
their  responsiveness  to  estrogens  [17,18,48].  For 
many  cell  lines,  this  problem  can  be  overcome  by 
using  cells  within  a  limited  number  of  passages 
(<10)  from  a  single  frozen  stock  of  cells.  The 
frozen  stock  should  be  from  a  single  passage  of 
cells  with  a  well  characterized  phenotype. 

The  intertumor  stability  of  the  growth  patterns 
and  cell  cycle  profiles  also  may  be  important 
considerations.  A  high  degree  of  variability  in 
intertumor  growth  fractions  could  significantly 
influence  the  reliability  or  ease  of  data  interpre¬ 
tation.  The  stability  of  the  metastatic  potential 
must  be  well  defined.  Cells  with  an  unpredictable 
metastatic  capacity  may  alter  tumor  burden  and 
affect  survival  and/or  the  host’s  sensitivity  to  the 
toxicity  of  cytotoxic  treatments. 


Therapeutic  index  and  dose  scheduling 

The  difference  in  the  dose  response  curves  of 
normal  and  neoplastic  tissues,  often  referred  to  as 
the  therapeutic  window  or  therapeutic  index,  is 
widely  applied  in  the  clinical  pharmacology  of 
cytotoxic  drugs  [22,49-51].  This  difference  in 
drug  sensitivity  enables  the  administration  of 
sufficient  drug  to  produce  cytotoxic  effects  in  the 
tumor,  but  not  to  induce  significant  and  irrevers¬ 
ible  toxicity  to  normal  cells.  Unfortunately,  many 
cytotoxic  drugs  exhibit  a  steep  dose  response 
curve  with  a  small  therapeutic  index.  In  many 
cases,  the  development  of  unacceptable  toxicity  is 
the  dose  limiting  factor  for  cytotoxic  chemo¬ 
therapy. 

The  sensitivity  of  normal  cell  populations 
reflects  the  rapid  growth  rate  and  high  growth 
fraction  of  some  cells.  For  example,  cells  in 
normal  bone  marrow  and  the  intestinal  crypts 
have  respective  thymidine  labeling  indices  of 
30%-70%  and  12%-18%  [15].  These  values  are 
generally  higher  than  observed  in  most  solid 
tumor  cell  populations.  This  accounts  for  the 
high  incidence  of  hematopoietic  and  gastro¬ 
intestinal  side  effects  associated  with  many 
chemotherapeutic  regimens.  Granulocytes  are 
highly  susceptible  to  cytotoxic  agents  because  of 
their  high  growth  fraction  and  short  lifespan,  but 
a  pool  of  non-cycling  stem  cells  ensure  repopula¬ 
tion  [15].  Generally,  the  purpose  of  dose  schedul¬ 
ing  is  to  administer  the  second  and  subsequent 
treatments  at  times  that  will  allow  some  normal 
stem  cells  to  evade  the  drug  and  enable  repopula¬ 
tion  to  occur  without  permanent  damage  to  bone 
marrow.  Examples  of  some  drug  schedules  for 
rodents  are  provided  in  Table  2. 

Drug  administration  in  vivo 

The  route  of  administration  can  influence  drug 
pharmacokinetics,  toxicity,  and  antitumor  activity. 
For  example,  injection  i.v.  introduces  the  drug 
directly  into  the  blood,  with  a  relatively  rapid 
exposure  of  hematopoietic  stem  cells.  Adminis- 
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tration  s.c.  or  i.p.  would  be  expected  to  produce 
a  slower  drug  equilibration  with  this  compart¬ 
ment,  and  produce  a  delayed  or  reduced  myelo- 
suppression.  However,  local  tissue  damage  could 
be  increased  relative  to  the  i.v.  route.  The 
potential  toxic/pharmacokinetic  differences  as¬ 
sociated  with  routes  of  administration  can  be 
controlled  by  careful  planning.  For  example, 
while  an  Lv.  bolus  of  an  agent  may  produce 
unacceptable  toxicity,  the  same  dose  in  mg/kg 
body  weight  can  occasionally  be  administered 
either  by  infusion,  s.c,.  p.o.,  or  multiple  lower 
doses  given  Lv.,  with  significant  alterations  in 
host  toxicity. 

For  the  majority  of  solid  tumors,  an  Lv. 
administration  most  closely  reflects  the  clinical 
administration  of  the  drug.  However,  for  experi¬ 
mental  drugs,  the  route  of  administration  will  vary 
primarily  with  the  physico-chemical  properties  of 
the  drug.  The  Lv.  route  is  generally  limited  to 
water  soluble  compounds  with  a  pH  >4.0  and 
<8.5.  Water-insoluble  drugs  can  be  administered 
either  s.c.,  provided  they  do  not  produce  un¬ 
acceptable  local  damage,  or  p.o .  if  they  have 
sufficient  chemical  stability.  For  steroid  hor¬ 
mones  and  antihormones  that  can  require  sus¬ 
tained  delivery,  Lp.  or  s.c.  depots  in  peanut  oil, 
s.c.  Alzet  mini  pumps  (Alza  Scientific,  Palo  Alto 
CA),  cholesterol-based  slow  release  pellets  (In¬ 
novative  Research  of  America,  Sarasota,  FL)  or 
silastic  pellets  all  can  produce  appropriate  plasma 
levels  of  drug  for  sustained  periods  of  time. 

The  timing  of  administration  also  is  an  im¬ 
portant  consideration.  Initiation  of  treatment 
within  a  few  days  of  tumor  cell  inoculation  may 
produce  evidence  of  activity,  when  administration 
to  established  tumors  indicates  inactivity.  For 
cytotoxic  agents,  administration  within  a  few  days 
of  cell  inoculation  is  often  inappropriate.  Treat¬ 
ment  of  established  tumors,  where  these  are 
clearly  palpable  and  fall  within  a  predefined  size 
range,  is  generally  more  appropriate  and  allows 
for  assessment  of  the  most  widely  used  endpoints. 
This  size  should  not  be  so  large  as  to  influence 
response  to  the  drug.  Early  administration  of 
drug  is  usually  appropriate  when  the  tumor  is 


directly  xenografted  from  another  animal  and  has 
a  rapid  TD  of  only  a  few  days,  or  perhaps  when 
sensitivity  is  required  in  a  primary  screen. 
Another  exception  is  for  the  testing  of  chemo- 
preventive  agents,  e.g.  antiestrogens  or  retinoids, 
which  could  be  given  to  high  risk  women  without 
evidence  of  clinically  detectable  disease.  With 
these  compounds,  chemopreventive/chemosup- 
pressive  activity  against  low  tumor  burdens,  e.g. 
recently  inoculated  tumor  cell  suspensions,  may 
more  closely  reflect  the  proposed  clinical  use. 
Where  initiation  of  treatment  around  the  time  of 
tumor  cell  inoculation  is  justified,  i.e.  before  the 
appearance  of  palpable  tumors,  the  more  common 
endpoints  include  time  to  tumor  appearance  and 
tumor  incidence. 


Pharmacokinetics  and  toxicity  in  drug 
combination  studies 

There  are  a  number  of  pharmacokinetic  considera¬ 
tions  that  can  influence  activity  of  a  drug  in  vivo 
when  drugs  are  combined.  The  biological  activity 
of  one  agent  may  alter  the  metabolism,  absorp¬ 
tion,  distribution,  or  toxicity  of  another.  Insulin 
can  alter  the  metabolism  and  subsequent  cytotoxi¬ 
city  of  methotrexate  [52].  Prednisolone  reduces 
host  toxicity  and  enhances  the  antitumor  effects  of 
nitrogen  mustard,  melphalan,  and  chlorambucil 
[53].  In  some  experimental  tumor  systems  pro¬ 
gesterone  can  reduce  the  systemic  toxicity  of 
chlorambucil  [53].  Martin  et  al.  [54]  have  re¬ 
ported  that  adriamycin,  lomustine,  carmustine, 
semustine,  and  vincristine  can  increase  melphalan 
uptake  in  L1210  cells.  In  patients  with  advanced 
breast  cancer,  the  toxicity  of  a  combination  of 
cyclophosphamide,  methotrexate,  and  5-fluoro- 
uracil  is  reduced  by  fluoxymesterone  [48]. 
Bleomycin  cytotoxicity  is  increased  by  several 
membrane-acting  drugs  [55].  Illiger  and  Herdrich 
[56]  have  extensively  reviewed  many  of  the  drug 
interactions  encountered  in  cytotoxic  chemo¬ 
therapy. 

The  purpose  of  some  experimental  designs  is 
to  specifically  test  the  interactions  of  drugs.  For 
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example,  there  is  considerable  interest  in  the 
generation  of  drugs  that  may  reverse  the  efflux 
activities  of  P-glycoprotein,  the  glycoprotein 
product  of  the  MDR1  gene  [57],  There  is  clear 
evidence  that  some  reversing  agents,  if  not  all, 
alter  the  pharmacokinetics  of  cytotoxic  drugs  [58], 
This  may  reflect  modulation  of  normal  P-glyco- 
protein  function  in  the  liver  and  other  tissues, 
leading  to  an  effective  increase  in  drug  exposure. 
Thus,  increased  activity  of  a  cytotoxic  agent 
requires  careful  evaluation. 

One  simple  way  to  control  for  such  effects  is 
to  compare  equitoxic  doses,  e.g.  the  cytotoxic 
drug  alone  and  in  the  presence  of  the  reversing 
agent  using  schedules  each  of  which  produce  an 
MTD.  While  this  is  a  reasonable  approach  for 
pilot  studies,  directly  assessing  the  pharmaco¬ 
kinetics  of  the  cytotoxic  drug  with  and  without 
the  reversing  agent  is  definitive.  Ultimately,  such 
pharmacokinetic  data  may  be  required  to  clearly 
demonstrate  that  effects  are  not  simply  due  to 
perturbations  in  the  cytotoxic  drug’s  mean  serum 
concentration/plasma  residence  time. 

Estimation  of  drug  dosage  and  choice  of 
starting  dose/dose  range 

Where  established  drugs  are  to  be  used,  well  doc¬ 
umented  protocols  are  available  from  the  literature 
(Table  2).  This  is,  at  best,  a  general  guide,  since 
some  rodent  strains  may  be  more  or  less  sensitive 
to  the  toxic  side  effects  of  specific  agents. 

Identifying  a  dose  regimen  for  unknown  or 
experimental  agents  is  frequently  empirical. 
Often  the  initial  studies  are  performed  to  obtain 
estimates  of  the  MTD/LD10.  A  simple  dose  es¬ 
calation  study  with  a  limited  number  of  animals 
per  group  is  a  common  strategy.  The  choice  of 
starting  dose  to  obtain  an  MTD  estimate  could  be 
based  on  one  of  several  criteria,  such  as  the 
known  in  vitro  toxicity,  or  toxicity  of  a  closely 
related  compound.  Where  agents  under  investi¬ 
gation  are  natural  products  or  analogues  thereof, 
e.g.  phytochemicals,  the  levels  of  exposure  in 
human  populations  may  be  available  and  enable 


estimation  of  the  starting  dose.  One  simple 
approach,  where  resources  are  limited,  is  to  do  a 
pilot  (dose  range  finding)  study,  using  a  broad 
range  of  doses  but  a  small  number  of  animals 
(one  or  two  animals  per  dose).  This  has  the 
advantage  of  limiting  the  number  of  animals  that 
may  be  exposed  to  particularly  toxic/lethal  doses 
when  the  intent  is  to  rapidly  establish  a  toxic 
dose.  A  second,  more  definitive,  follow-up  study 
can  then  be  done  to  obtain  the  MTD,  using  a 
limited  number  of  mostly  sublethal  doses  with 
larger  numbers  of  animals  per  group.  Animal 
usage  can  be  further  limited  by  restricting  these 
follow-up  studies  only  to  those  drugs  that  show 
antineoplastic  activity  and  are  identified  for 
further  evaluation  in  subsequent  secondary  screen¬ 
ing. 

For  preliminary  toxicological  analyses,  e.g., 
estimates  of  MTD,  all  animals  should  be  mon¬ 
itored  twice  daily  at  a  minimum.  Recording 
animal  body  weights  and  food  consumption  twice 
weekly  can  identify  the  onset  of  some  toxicities 
that  are  not  immediately  apparent.  Loss  of  10% 
of  the  starting  body  weight,  or  failure  to  gain 
body  weight  at  the  same  rate  as  controls,  provide 
useful  endpoints  for  estimating  an  MTD.  Many 
cytotoxic  agents  will  produce  more  immediate 
effects,  which  are  often  apparent  from  the  altered 
behavior  of  the  animals,  e.g.  crouching,  somno¬ 
lence,  or  reduced  activity.  These  also  can  be  used 
as  endpoints  to  establish  an  MTD.  Such  effects 
may  be  transient,  with  the  animals  recovering 
within  several  hours  if  no  further  drug  is  admin¬ 
istered,  or  they  can  persist  and  lead  to  morbidity 
and  death  if  prolonged  over  several  days  or 
weeks. 

Where  drug  related  deaths  occur  within 
several  hours  of  administration,  these  data  should 
not  be  used  to  establish  the  MTD,  since  toxicity 
could  merely  reflect  sensitivity  to  the  peak  plasma 
concentration  resulting  from  the  bolus.  Rather, 
the  dosage  and/or  schedule  should  be  modified, 
e.g.  using  lower  doses  and  perhaps  more  frequent 
administration.  This  pattern  of  toxicity,  i.e. 
schedule-independent  with  peak  plasma  level  toxi¬ 
city,  has  been  referred  to  as  category  III  [59]. 


Breast  cancer  models  for  drug  screening  265 


Other  categories  reflect  whether  toxicity  is 
schedule  dependent  (category  I)  or  independent 
(category  II,  where  total  dose  determines  toxicity) 
[60,61]. 

Hematologic  toxicity  is  often  assessed  as  a 
toxicological  endpoint,  but  the  transient  suppres¬ 
sion  of  some  cell  populations,  and  the  timing  of 
their  likely  recovery,  need  to  be  considered.  It 
can  be  useful  to  measure  white  blood  cell  counts 
and  hematocrits  twice  weekly,  or  as  appropriate, 
on  two  or  more  individuals  in  each  group.  In 
many  cases  this  can  be  done  by  retroorbital  bleed¬ 
ing.  However,  the  same  animal  should  not  be 
bled  repetitively,  since  this  can  be  sufficient  to 
influence  the  parameters  under  investigation,  in¬ 
dependent  of  the  treatment.  It  should  also  be 
noted  that  hematopoietic  toxicity  is  not  always 
evident  from  peripheral  blood  assays,  and  may 
require  spleen  colony  formation  analyses  [49]. 
Additional  evidence  of  toxicity  may  be  apparent 
on  determining  other  parameters,  e.g.  SPGT,  total 
bilirubin,  BUN,  creatinine.  Such  detailed  blood 
analyses  are  usually  restricted  to  more  intensive 
toxicological  studies,  where  identifying  the  dose 
limiting  or  lethal  toxicity  is  required.  However, 
if  the  aim  is  to  obtain  an  approximate  MTD  in  a 
pilot  study,  it  can  be  informative  to  sacrifice 
moribund  or  clearly  affected  animals  by  terminal 
bleeding  under  appropriate  anesthesia.  The  blood 
can  then  be  used  for  a  wider  panel  of  preliminary 
tests.  It  is  usually  routine  to  sacrifice  all  animals 
at  the  end  of  the  study  and  perform  necropsies 
with  subsequent  examination  of  the  major  tissues 
and  organs  for  evidence  of  gross  and/or  micro- 
anatomic  toxicity. 

Site  of  inoculation ,  tumor-host  interactions,  and 
drug  delivery 

The  site  of  tumor  cell  inoculation  can  signifi¬ 
cantly  alter  tumor  growth  and  metastatic  potential 
[62-65]  and  has  previously  been  discussed  in  de¬ 
tail  [28].  Cells  re-inoculated  into  the  site  of  the 
original  tumor  (orthotopic  implantation)  produce 
metastatic  lesions  more  frequently  than  those 
inoculated  elsewhere  [64].  We  routinely  use  the 


mammary  fat  pad  area  as  the  preferred  inoculation 
site  for  mammary  tumors  [17].  Where  orthotopic 
implantation  is  either  inappropriate  or  not  re¬ 
quired,  s.c.  inoculation  into  the  flank  facilitates 
good  responses  for  cytotoxic  agents  and  s.c .  in¬ 
oculation  into  the  back  facilitates  good  responses 
for  irradiation  regimens  [66]. 

The  " tumor  bed  effect”,  which  relates  to  mod¬ 
ifications  in  the  tissue  at  the  site  of  implantation, 
has  been  most  widely  studied  in  relation  to  radio¬ 
sensitivity  but  can  also  influence  response  to 
cytotoxic  drugs  [54].  Some  tumor  models  utilize 
inoculation  into  preirradiated  subcutaneous  sites. 
Prior  irradiation  of  normal  tissues  can  significant¬ 
ly  impair  their  ability  to  produce  new  vascular 
tissues  in  response  to  the  tumor.  Thus,  drug 
delivery  to  the  tumor  can  be  reduced  when  tumors 
are  grown  in  preirradiated  sites.  The  "tumor  bed 
effect”  has  been  reviewed  by  Milas  [54]. 

Techniques  for  the  determination  of  in  vivo 
antitumor  activity 

Several  techniques  have  been  used  to  determine 
the  activity  of  antineoplastic  agents  against 
experimental  tumors  growing  in  vivo.  These  tend 
to  fall  into  one  of  two  main  categories,  in  situ  and 
excision  assays.  In  situ  assays  are  performed 
entirely  in  vivo.  Tumors  are  inoculated  into  the 
appropriate  host,  treated  in  vivo,  and  the  effects  of 
drug  treatment  estimated  either  on  various  para¬ 
meters  of  tumor  growth,  or  on  the  duration  of 
survival.  Excision  assays  also  are  based  on  the 
treatment  of  tumors  growing  in  vivo.  However, 
the  estimations  of  cytotoxicity  require  removal  of 
the  tumor  for  further  evaluation.  This  can  include 
estimating  colony  forming  ability  in  vitro ,  or 
TD50  estimations  of  the  number  of  treated  cells 
required  to  form  tumors  on  reinoculation  into  a 
second  host.  Each  of  these  techniques  has  unique 
advantages  and  disadvantages.  Irrespective  of  the 
tumor  endpoint,  many  investigators  include  addi¬ 
tional  groups  of  tumor-bearing  animals  treated 
with  a  drug  known  to  be  active  against  the  tumor 
model  [67]. 
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In  situ  assays  —  tumor  growth  delay 

Perhaps  the  most  widely  used  in  situ  technique 
determines  the  effect  of  drug  treatment  on  the 
kinetics  of  tumor  regrowth.  Tumors  are  inocu¬ 
lated  into  the  appropriate  host,  treatment  being 
initiated  when  a  specific  tumor  size  is  reached, 
and  measured  at  regular  intervals  until  both 
treated  and  untreated  tumors  have  reached  a  pre¬ 
determined  size.  Growth  delay  is  assessed  as  the 
time  difference  between  treated  and  control 
tumors  to  reach  this  predetermined  size.  This 
approach  measures  growth  of  tumors  of  the  same 
size,  an  important  consideration  when  Gompertz- 
ian  kinetics  are  involved. 

There  are  a  number  of  considerations  specific 
to  the  design  of  tumor  growth  delay  assessments. 
The  measurements  should  be  performed  on  prolif¬ 
erating  tumors,  so  that  it  is  advisable  to  obtain 
some  estimate  of  pretreatment  tumor  growth 
characteristics  to  enable  tumor  selection.  For 
example,  where  the  size  at  treatment  is  to  be  6 
mm,  the  range  of  tumor  sizes  for  inclusion 
in  combination  chemotherapy  studies  might  be 
±1-2  mm  in  diameter.  The  issue  of  appropriate 
randomization  of  animals  into  each  group  is 
discussed  elsewhere  [68].  The  optimal  size  at 
treatment  will  vary  depending  on  the  individual 
growth  characteristics  of  the  tumor  cell  line  but 
should  be  sufficient  to  produce  tumors  that  are 
easily  measured  yet  not  so  large  that  they  include 
significant  areas  of  hypoxia  or  necrosis.  The 
optimum  endpoint  size  is  close  to  the  size  at 
treatment,  c.g.  twice  the  treatment  volume.  This 
minimizes  any  effects  of  treatment  on  growth  rate 
[69]. 

An  alternative  endpoint  to  growth  delay  for  in 
situ  techniques  is  overall  survival.  This  method 
has  proved  reliable  for  the  murine  ascites  tumors, 
since  the  growth  properties  and  lethal  tumor  bur¬ 
den  are  well  established.  Survival  can  easily  be 
compared  with  an  untreated  tumor-bearing  popu¬ 
lation.  Survival  is  a  less  reliable  endpoint  for 
many  solid  tumors.  The  majority  of  solid  human 
breast  tumor  models  exhibit  a  poor  or  unpredic¬ 
table  metastatic  potential.  Thus,  tumor  burden  is 


almost  exclusively  provided  by  the  primary 
tumor.  In  these  cases,  the  lethal  tumor  burden 
(primary  tumor),  as  a  percent  of  total  body 
weight,  can  be  far  in  excess  of  that  observed  in 
humans.  Some  poorly  vascularized  tumors  may 
increase  in  volume  and  yet  contain  a  relatively 
stable  volume  of  viable  tissue. 


Tumor  measurement:  area,  volume,  and  weight 

Tumor  area  and/or  volume  is  usually  recorded 
every  1-4  days,  depending  on  the  growth  charac¬ 
teristics  of  the  tumor.  The  length  of  the  longest 
axis  and  the  width  perpendicular  to  the  longest 
axis  are  sufficient  to  obtain  tumor  area.  For 
easily  accessible  tumors,  a  third  perpendicular 
measurement  can  be  obtained  to  determine  tumor 
volume.  This  is  useful  when  it  is  apparent  that 
palpable  tumors  are  particularly  irregular  in  shape 
and  unlikely  to  meet  the  requirements  for  volume 
assessments  from  measurements  of  tumor  area. 
For  a  more  detailed  description  of  tumor  measure¬ 
ments  see  the  accompanying  article  by  Rygaard 
and  Spang-Thomsen  [70]. 

Tumor  weight,  as  determined  at  necropsy,  is 
used  as  an  endpoint  in  some  drug  studies.  How¬ 
ever,  it  is  generally  inadvisable  as  the  sole 
endpoint.  While  it  provides  an  accurate  measure¬ 
ment  of  the  final  tumor,  it  does  not  allow  for 
assessments  of  the  activity  of  the  treatment  on 
growth  kinetics,  being  only  a  “snap  shot”  of  the 
tumor’s  growth.  For  example,  a  cytotoxic  and 
cytostatic  treatment  could  produce  the  same 
reduction  in  final  tumor  weight.  The  cytotoxic 
treatment  could  have  induced  an  initial  complete 
remission  (disappearance  and  regrowth  of  the 
tumor),  implying  a  possible  induction  of  cell 
death  and  the  potential  for  an  alternative 
dose/schedule  to  produce  cure.  The  cytostatic 
agent  could  have  decreased  the  rate  of  cell  pro¬ 
liferation  without  inducing  any  significant  cell 
kill.  Where  there  is  heterogeneity  in  initial  cell 
volume,  the  ability  to  statistically  demonstrate 
activity  also  may  be  compromised.  This  is  less 
problematic  when  consecutive  measurements  are 
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obtained  on  each  tumor,  e.g.  to  obtain  individual 

Tds- 

It  also  is  possible  to  estimate  tumor  weight/ 
volume  from  caliper  measurements  of  tumor  area. 
Tumor  volume  can  be  obtained  from  area  meas¬ 
urements  by  [71]: 

tumor  weight  (mg)  =  (length)  (width2)  /  2 

where:  measurements  =  mm  for  all  equations. 

Where  the  volume  is  estimated  at  necropsy 
and  the  area  of  necrosis  can  be  measured,  this  is 
modified  to  [72]: 

tumor  weight  (mg)  =  [(length  x  width  )  /  2] 

-  [(necrosis  length  x  necrosis  width2)  /  2] 

For  nonspherical  tumors,  the  volume  can  be  esti¬ 
mated  by  [73]: 

volume  =  4/37c(largest  diameter/2 
x  smallest  diameter/2)3/2 

Other  approaches  include  measuring  three  perpen¬ 
dicular  dimensions  and  simply  multiplying  the 
three  estimates  [74].  While  obtaining  these 
measurements  is  often  feasible  with  s.c.  tumors  in 
the  flanks  or  back  of  nude  mice,  there  can  be 
difficulty  in  obtaining  reproducible  measurements 
of  height  for  some  tumors.  The  underlying 
assumption  that  the  tumors  are  “box  shaped” 
appears  reasonable,  since  assuming  an  ellipsoid 
shape  does  not  appear  to  give  a  better  estimate,  at 
least  for  human  lung  tumors  [75]. 

Where  necessary,  the  ellipsoid  volume  can  be 
estimated  by  [76]: 

volume  =  4/37t(length/2  x  width/2  x  height/2) 

When  such  tumor  volume/weight  estimates  are 
used,  it  is  advisable  to  confirm  the  validity  of 
the  relationship  by  at  least  comparing  the  predic¬ 
ted  tumor  weights/volumes  with  the  actual  wet 
weights/volumes  at  necropsy  at  the  end  of  the 
experiment. 

Tumor  volume  measurements  can  be  used  to 
estimate  TD  and  growth  delay.  Data  also  can  be 
transformed  and  plotted  as  changes  in  relative 
tumor  volume.  Relative  tumor  volume  can  be 
obtained  from  [77]: 


relative  volume  =  VJVi 

where  Va  =  volume  at  the  start  of  treatment,  and 
Vi  =  volume  at  day  i. 


Excision  assays 

The  main  purpose  of  excision  assays  is  to  directly 
estimate  the  fraction  of  cells  in  a  tumor  that  have 
retained  their  clonogenicity  (fractional  cell  sur¬ 
vival).  The  greatest  methodological  variation  in 
these  assays  relates  to  the  technique  chosen  to 
determine  clonogenicity.  Probably  the  more 
widely  utilized  clonogenicity  assays  determine  the 
number  of  tumor  cells,  in  an  ex  vivo  suspension, 
able  to  form  anchorage-independent  colonies  in 
vitro .  Clonogenicity  is  usually  assessed  in  a 
semi-solid  medium  (agar  or  methyl  cellulose). 
This  approach  has  significant  advantages  over 
other  excision  assays  in  time,  cost,  and  intra- 
experimental  variability  [55],  and  in  reducing  the 
numbers  of  animals. 

The  TD50  assay  determines  tumorigenicity  in 
vivo  and,  therefore,  the  tumorigenic  potential  of 
the  treated  cell  populations.  The  excised  tumor  is 
disaggregated  and  a  dilution  cloning  technique 
used  to  determine  the  minimum  number  of  cells 
required  to  form  tumors  upon  reinoculation. 
While  immunologic  properties  of  the  tumor  can 
be  problematic,  reinoculation  into  an  immune- 
compromised  host  can  largely  eliminate  these 
problems  [55].  Ascites,  such  as  the  MDA435/ 
LCC6  [21],  can  be  inoculated  Lp.  and  treated  z.v., 
s.c.,  or  p.o.  Surviving  cells  can  easily  be  re¬ 
moved  and  reinoculated  either  into  the  mammary 
fat  pads  of  recipient  mice  to  assess  tumorigenicity 
as  solid  tumors,  or  lp.  to  assess  tumorigenicity  by 
ascites  formation.  This  approach,  while  providing 
a  rigorous  determination  of  effects  on  in  vivo 
clonogenicity,  can  require  relatively  large  num¬ 
bers  of  animals  depending  on  the  study  design. 

The  need  to  appropriately  reduce  animal 
usage  is  likely  to  effectively  eliminate  many  of 
these  in  vivo/in  vivo  experimental  approaches. 
However,  a  modification  of  this  approach  is  to 
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assess  clonogenicity  of  in  vivo  treated  tumors  in 
vitro .  Thus,  cells  are  treated  as  solid  tumors  or 
ascites  in  vivo ,  with  cells  removed  and  fractional 
cell  survival  determined  by  an  anchorage-indepen¬ 
dent  colony  formation  assay  in  vitro  (above). 
This  has  the  disadvantage  that  in  vitro  clono¬ 
genicity  is  used  as  a  surrogate  for  tumorigenicity. 
Some  cells  also  may  not  immediately  readapt  to 
in  vitro  growth  in  a  manner  that  allows  for  an 
adequate  assessment  of  cell  survival.  However, 
for  many  cellular  models  there  is  no  significant 
effect  on  estimates  of  cell  survival,  but  there  are 
advantages  in  substantially  reduced  costs  and 
fewer  animals  required. 

All  excision  assays  suffer  from  the  dis¬ 
advantage  that,  at  some  point,  cells  are  removed 
from  the  animal  for  manipulation.  Thus,  the 
critical  tumor/host  relationship  is  lost.  The 
disaggregation  of  solid  tumors,  for  either  in  vivo 
or  in  vitro  analysis,  can  result  in  a  cell  population 
no  longer  representative  of  the  tumor.  The  pro¬ 
cess  of  enzymatic  digestion  can  reduce  clonogenic 
potential  and  thereby  appear  to  increase  the 
activity  of  the  treatment.  The  time  of  excision 
can  also  influence  the  results,  since  some  cells 
may  eventually  repair  potentially  lethal  damage 
[78].  One  advantage  of  an  ascites  model  for 
these  types  of  studies  is  that  the  cells  may  not 
require  damaging  enzymatic  and/or  physical 
disaggregation. 

Endpoint  comparisons 

The  most  important  technical  disadvantage  of  the 
excision  compared  with  the  in  situ  techniques  is 
the  necessity  for  removal  and  manipulation  of  the 
tumor  prior  to  assessing  cytotoxicity.  The  loss  of 
the  tumor  microenvironment  also  is  problematic, 
since  the  ability  of  normal  cells  to  stimulate 
tumor  regrowth  may  be  a  crucial  factor  in  the 
apparent  failure  of  some  cytotoxic  regimens. 
However,  excision  assays  eliminate  the  problem 
of  remaining  dead  (or  reproductively  dead)  cells 
contributing  to  tumor  volume,  a  concern  that  can 
arise  with  in  situ  assays.  The  tumor  growth  delay 


assays  have  the  disadvantage  that  the  kinetics  of 
tumor  regrowth  may  be  unpredictable  for  novel 
drug  combinations.  Tumors  that  regrow  may 
have  altered  proportions  of  infiltrating  normal 
cells  that  could  cause  an  overestimation  or  under¬ 
estimation  of  cell  kill.  The  variability  of  inter¬ 
tumor  regrowth  patterns  also  can  be  problematic. 
Nevertheless,  the  in  situ  assays  generally  appear 
to  be  favored  in  the  literature. 


Deafly survival  as  an  endpoint 

Many  institutional  animal  care  and  use  commit¬ 
tees  are  restricting  or  eliminating  death  as  an 
endpoint  in  drug  screening  and  other  in  vivo 
studies.  Nevertheless,  some  investigators  may 
have  experimental  designs  where  death/morbidity/ 
survival  is  a  justified  requirement  of  the  study. 
Several  related  issues  require  consideration.  Sur¬ 
vival  can  be  measured  at  a  fixed  time,  e.g.}  the 
proportion  of  animals  remaining  alive  at  a 
predetermined  time  point  beyond  when  the  last 
untreated  animal  dies,  or  the  median  duration  of 
survival  when  all  animals  in  all  groups  die  within 
the  observation  time.  When  “cure”  or  the  propor¬ 
tion  of  “long  term  survivors”  are  estimated,  it  is 
necessary  to  define  the  time  point  at  which  “cure” 
or  “survival”  is  attributed.  A  major  concern  is 
the  Td,  since  sufficient  time  must  be  allowed  for 
any  significant  number  of  remaining  cells  to 
proliferate  to  the  point  where  a  palpable  tumor/ 
ascites  would  be  expected.  A  solid  tumor  with 
Td  =  48  hr  may  require  up  to  four  months  of  post 
treatment  observation  to  establish  “cure”  [32]. 
Defining  long  term  survivors  (where  death/mor¬ 
bidity  is  the  primary  endpoint)  often  is  based  on 
the  duration  of  survival  of  mice  bearing  untreated 
tumors,  e.g.,  three  times  their  mean  or  median 
survival.  By  this  criterion,  with  a  mean  survival 
of  30  days  in  the  untreated  group,  treated  mice 
that  survive  for  90  days  could  be  considered  long 
term  survivors  [21].  When  there  are  survivors, 
the  data  analysis  procedures  need  to  take  this  into 
account  [68]. 

There  is  little  ethical  justification  for  using 
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death  as  an  endpoint  for  solid  tumors  that  are 
easily  accessible  for  estimations  of  tumor  growth 
delay  or  excision  assays.  In  general,  survival  as 
an  endpoint  should  probably  be  restricted  to 
ascites  models,  and  perhaps  also  to  solid  tumors 
known  to  achieve  a  lethal  tumor  burden  within  an 
appropriate  and  predictable  time.  Even  for  these 
tumors,  it  may  be  possible  to  substitute  morbidity 
for  death.  We  have  found  this  to  be  a  viable  and 
more  humane  alternative  in  several  ascites  studies. 
While  it  requires  knowledge  of  the  time  from  the 
onset  of  morbidity  to  death,  and  evidence  that  this 
period  is  sufficiently  consistent,  this  information 
can  be  obtained,  in  advance,  on  a  relatively  few 
animals. 

Where  possible,  morbidity  should  be  consid¬ 
ered  as  a  poetntial  surrogate  for  death  as  an  end¬ 
point  in  survival  analyses.  To  assist  other  investi¬ 
gators,  the  criteria  used  to  define  morbidity,  and 
the  verification  of  its  applicability  as  a  surrogate 
for  death,  should  be  reported. 


Approaches  to  data  analysis 

Estimation  of  tumor  doubling  times 

Estimates  of  TD  can  be  obtained  from  measure¬ 
ments  of  either  tumor  area  or  tumor  volume.  A 
detailed  description  of  this  approach  can  be  found 
in  the  accompanying  article  by  Rygaard  &  Spang- 
Thomsen  [70].  The  TD  for  each  individual  tumor 
can  be  obtained,  with  those  within  an  experi¬ 
mental  group  combined  for  further  analysis,  e.g, 
use  of  an  appropriate  ANOVA  to  explore  differ¬ 
ences  among  different  treatment  groups.  While 
there  is  evidence  of  investigators  using  simple 
linear  regression  models  to  estimate  TD  from 
growth  curves,  this  is  potentially  confounded  by 
the  Gompertzian  nature  of  tumor  growth  kinetics 
[11,12,70].  However,  in  short  term  studies, 
particularly  where  the  growth  data  approximate 
exponential  growth,  the  Gompertzian  model  may 
reduce  to  an  exponential  growth  model,  which 
may  provide  a  more  efficient  model  for  the  data 
[68].  There  also  can  be  statistical  concerns  where 


early  deaths  limit  the  data  available  for  the 
adequate  determination  of  a  TD  [68], 

Cell  kill  estimates  from  in  situ  studies 

There  are  a  number  of  methods  for  estimating  cell 
kill  from  in  situ  analyses.  For  ascites  models, 
estimations  of  percent  increased  life  span  (%ILS) 
provide  an  indication  of  therapeutic  activity. 
%ILS  can  be  estimated  from: 

%ILS  =  100(T-C)/C 

where:  T  =  median  survival  time  of  treated  popu¬ 
lations;  C  =  median  survival  time  of  untreated 
control  population  of  tumor  bearing  mice  [67]. 

It  should  be  noted  that  median  survival  times 
focus  on  the  50%  survival  estimates,  and  do  not 
efficiently  use  all  of  the  data  in  the  survival 
curve.  This  can  become  problematic  when  there 
is  substantial  heterogeneity  in  the  duration  of 
survival  in  some  treatment  groups.  One  approach 
is  to  use  the  hazard  ratio  (HR)  of  death  for  the 
control  group  versus  the  treated  group  (J  Hanfelt, 
personal  communication).  Thus,  where  there  is 
considerable  heterogeneity  in  survival  data,  %ILS 
may  be  better  estimated  from: 

%ILS  =  100(HR-1) 

where:  HR  =  the  hazard  ratio  of  death  for  the 
control  group  versus  the  treated  group.  The  HR 
can  be  obtained  by  Cox  proportional-hazards 
regression  analysis  [79,80]. 

Estimates  of  cell  kill  can  be  derived  from 
solid  tumor  growth  curves,  where  repeated  meas¬ 
urements  are  obtained  over  the  period,  of  time 
required  for  tumors  to  reach  a  predetermined  size. 
Provided  the  TD  for  untreated  and  regrowing 
(treated)  tumors  are  equivalent,  the  cell  kill  can 
be  estimated  by  a  number  of  related  formulae 
[81].  Cell  kill  can  be  determined  from  growth 
delay  measurements  using  an  estimate  of  the  TD 
[9]  and  the  number  of  cell  divisions  required  for 
each  log  increase  in  growth  (3.32)  [82]. 

Total  cell  kill  can  be  estimated  from  [81]: 

log10  cell  kill  =  (T-C)/(3.32)(Td) 
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Cell  kill/dose  can  be  estimated  from  [81]: 

log10  cell  kill/dose  =  (T-C)/(3.32)(TD)(n) 

where:  T  =  median  time  to  predetermined  size  in 
treated  populations;  C  =  median  time  to  predeter¬ 
mined  size  in  untreated  control  populations;  n  = 
number  of  treatments. 

Net  cell  kill  can  be  estimated  from  [81]: 

Net  log10  cell  kill  = 

(T-C)-(duration  of  treatment)/(3.32)(TD) 

The  specific  growth  delay  for  solid  tumors  can  be 
estimated  from  the  times  taken  for  both  treated 
(T)  and  control  (C)  tumors  to  reach  a  predeter¬ 
mined  size  [66].  If  the  specific  growth  delay 
value  exceeds  2,  the  tumor  model  is  often  con¬ 
sidered  responsive.  This  is  generally  considered 
the  most  important  estimate  of  antitumor  activity, 
and  can  be  reported  along  with  the  total  cell  kill 
estimated  from  the  same  primary  data  (above). 

Specific  growth  delay  can  be  estimated  from 
[77,83]: 

Specific  growth  delay  =  (T-C)/C 

Where  the  TD  of  tumor  regrowth  is  signifi¬ 
cantly  different  from  the  TD  of  untreated  tumors, 
these  estimates  are  invalid.  For  example,  the  TD 
of  treated  populations  may  be  slower  than  equi¬ 
valent  untreated  tumors  following  irradiation  [69]. 
Other  limitations  of  these  analyses  are  indicated 
when  treatment  is  begun  shortly  after  tumor  cell 
inoculation,  where  a  significant  immune  compon¬ 
ent  is  suspected,  or  where  the  treatments  are  close 
to  being  curative  [72],  The  degree  of  response  in 
tumors  that  exhibit  alterations  in  the  TD  following 
treatment  can  be  more  appropriately  expressed  as 
delay /doubling  time  [69]. 


Determination  of  synergy 

Studies  are  often  performed  to  determine  the 
nature  of  the  interaction  between  two  or  more 
treatments.  Many  investigators  claim  synergistic 
interactions  without  having  performed  the  neces¬ 
sary  analyses.  Several  authors  have  more  clearly 


defined  these  terms  and  described  the  conditions 
required  to  determine  whether  an  interaction  is 
synergistic,  additive,  or  antagonistic  [84-86]. 

Synergism  is  a  mathematically  defined  inter¬ 
action,  most  widely  determined  from  isobologram 
analyses.  Construction  of  classical  isobolograms 
(isoeffect  curves)  for  the  determination  of 
additivity,  synergy,  and  antagonism  generally 
requires  an  initial  estimation  of  the  dose  response 
curve  of  each  agent  alone  and  dose  responses  of 
one  agent  in  the  presence  of  each  of  several  con¬ 
centrations  of  the  second  agent  [72].  While  this 
may  be  feasible  for  routine  in  vitro  studies  [84], 
classical  isobologram  analyses  generally  require 
too  much  information  to  be  readily  applicable  to 
in  vivo  data.  A  minimum  requirement  for  in  vivo 
studies  has  been  suggested,  using  five  doses  of 
each  drug  alone  and  three  or  four  combination 
treatments  using  intermediate  doses  [87].  An 
interaction  index  (It.)  can  then  be  estimated  from 
the  isobologram  equation  [88,89]: 

I,  =  (d/D)  +  (t/T) 

where  ED„  =  some  fixed  level  of  activity,  D  and 
T  =  dose  of  each  drug  alone  required  to  produce 
ED„,  and  d  and  t  =  dose  for  each  drug  in  combin¬ 
ation  that  produce  ED„ .  IA.  values  of  <1  indicate 
synergy,  a  value  of  1  reflects  additivity,  while 
values  >1  indicate  antagonism.  Ideally,  each  ED;i 
value  should  be  estimated  by  performing  appro¬ 
priate  probit  or  logit  analyses  of  the  dose  reponse 
data  [90,91]. 

An  alternative  experimental  design  is  to  fix 
the  dose  of  the  first  drug  and  vary  the  concentra¬ 
tion  of  the  second  [92].  This  approach  has  not 
been  widely  applied  to  in  vivo  studies,  and  its 
ability  to  adequately  define  the  nature  of  drug 
interactions  does  not  appear  to  have  been  exten¬ 
sively  confirmed.  Nevertheless,  it  could  be 
applied  to  in  vivo  studies  and  may  be  worthy  of 
consideration. 

Application  of  the  median  effect  analysis  is 
one  of  several  alternative  approaches  to  the  clas¬ 
sical  isobologram  approach  for  assessing  synergy 
[85].  While  this  method  may  be  amenable  for 
use  in  in  vivo  studies,  this  has  yet  to  be  firmly 
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established.  Other  related  approaches  to  assessing 
synergy  also  are  reported  [93]  but  their  applica¬ 
tion  to  in  vivo  studies  also  remains  to  be  con¬ 
firmed.  The  concern  is  not  the  validity  of  the 
approaches,  which  is  beyond  the  scope  of  the 
current  article,  but  how  appropriate  in  vivo 
experiments  could  be  designed,  within  the  con¬ 
straints  of  time,  cost,  and  appropriate  animal 
usage,  to  produce  sufficient  data  to  generate 
statistically  reliable  estimates  of  the  nature  of  the 
drug  interactions. 

Where  one  drug  has  no  activity,  synergy  is 
more  readily  determined  [93]  and  may  simply  re¬ 
quire  statistical  evidence  that  the  combination  is 
significantly  different  from  the  inhibitory  drug 
alone.  This  simplistic  approach  is  potentially 
confounded  when  the  “inactive”  compound  is 
active  at  higher  concentrations.  If  the  dose  used 
was  at  a  theoretical  ED^,  Le.,  activity  was 
present  but  could  not  be  detected  because  of  the 
sensitivity  of  the  assay,  assumptions  of  synergy 
could  well  be  invalid.  Thus,  if  this  approach  is  to 
be  used,  it  should  be  at  least  restricted  to  doses 
well  below  the  minimally  active  dose,  or  better 
yet,  restricted  to  studies  where  one  compound  is 
known  to  have  no  antineoplastic  activity. 

Where  resources  are  available,  isobologram- 
based  approaches  are  preferred.  However,  some 
interactive  definitions  may  be  approximated  from 
limited  data  as  follows  [94,95]: 

Antagonistic  (AB)/C  >  (A/C)  x  (B/C) 

Additive  (AB)/C  =  (A/C)  x  (B/C) 

Synergistic  (AB)/C  <  (A/C)  x  (B/C) 

where  A  =  response  to  treatment  1 ;  B  =  response 
to  treatment  2;  C  =  response  to  no  treatment/ 
vehicle;  AB  =  combination  of  treatments  A  and 
B.  Some  investigators  define  a  fourth  interaction 
category  (subadditive  =  (AB)/C  >  [(A/C)  x  (B/C)] 
<  [B/C]  (where  B/C  >  A/C).  However,  a  sub¬ 
additive  interaction  is  essentially  antagonistic, 
making  the  utility  of  this  term  somewhat  unclear 
from  a  pharmacologic  perspective. 

The  application  of  this  approach  may  vary 
depending  on  the  endpoint  and  experimental  de¬ 


sign  chosen  for  a  particular  study.  For  excision 
assays  using  in  vitro  colony  formation  as  an 
endpoint,  the  response  to  treatment  would  be 
represented  by  the  colony  forming  ability  or  sur¬ 
viving  fraction.  Growth  delay  assays  could  utilize 
the  estimates  of  cell  kill/survival  described  above 
or  Td  parameters.  A  description  of  approaches  to 
the  statistical  analysis  of  data  obtained  from  these 
studies  can  be  found  in  the  accompanying  article 
by  Hanfelt  [68]. 

These  terms  are  approximations,  at  best,  when 
compared  with  more  classical  isobologram  ap¬ 
proaches,  and  should  be  used  with  some  caution. 
The  outcome  provides  only  a  general  approxima¬ 
tion  of  the  nature  of  the  interaction,  and  should 
not  be  considered  definitive.  While  reasonable 
approximations  may  be  obtained  where  tumors 
approximate  logarithmic  growth,  the  analysis  does 
not  take  into  account  the  shape  of  the  respective 
dose  response  curves,  a  central  component  of 
isobologram  approaches  for  determining  the 
nature  of  drug  interactions.  This  could  lead  to 
both  underestimates  and  overestimates  of  potential 
synergy  or  antagonism. 

Therapeutic  synergism  has  been  defined  as 
occurring  when  the  response  of  a  combination  is 
in  excess  of  the  maximum  response  of  either  drug 
alone  ( e.g .  A  =  100%,  B  =  150%,  A+B  =  200%) 
at  equitoxic  doses  [67,96,97].  The  term  “clinical 
synergism”  also  has  been  applied  when  a  combin¬ 
ation  chemotherapy  regimen  is  curative  [96]. 
These  are  not  particularly  informative  definitions 
from  an  interpretive  or  mechanistic  perspective, 
and  could  be  applicable  when  the  “true”  biochem¬ 
ical  interaction  is  only  additive  or  even  antagon¬ 
istic. 

In  practice,  a  drug  combination  can  be  cura¬ 
tive  and  yet  produce  a  nonsynergistic  interaction. 
If  two  drugs  with  different  mechanisms  of  action 
each  kill  106  cells,  a  tumor  of  109  cells  could  still 
be  cured  by  an  additive  or  even  antagonistic  inter¬ 
action  [96].  Thus,  the  determination  of  synergy 
or  antagonism  is  not  required  where  the  purpose 
is  simply  to  show  that  a  combination  of  two  or 
more  drugs  is  curative  relative  to  either  agent 
administered  alone. 
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The  toxicity  of  a  particular  combination 
should  be  considered  when  determining  the  nature 
of  an  interaction  between  two  or  more  drugs.  In 
order  to  make  appropriate  comparisons,  the  treat¬ 
ments  should  be  approximately  equitoxic  [97]. 
For  example,  the  improved  antitumor  activity  of 
a  combination  regimen  which  is  accompanied  by 
significantly  increased  toxicity  might  be  no  more 
effective  than  a  higher  dose  of  either  agent  alone 
that  produced  equivalent  toxicity. 

Some  suggestions  for  statistical  approaches  to 
data  analysis  and  the  assessment  of  activity 

The  statistical  analytical  procedures  used  to 
explore  data  from  animal  studies  is  dependent  on 
the  study  design.  Statistical  approaches  will  be 
dealt  with  only  cursorily,  since  a  detailed  dis¬ 
cussion  of  methods  and  approaches  is  provided 
elsewhere  in  this  issue  [68].  Readers  are  en¬ 
couraged  to  consult  this  and  other  articles  which 
deal  with  endpoints  and  considerations  in  depth 
beyond  the  scope  of  this  section.  While  the  use 
of  some  specific  tests  is  suggested  below,  these 
should  be  used  with  some  caution,  since  the 
primary  data  may  violate  assumptions  implicit 
within  the  analyses.  For  example,  some  of  these 
tests  described  below  require  that  the  data  ap¬ 
proximate  a  normal  or  other  distributional  form. 
When  this  is  not  apparent,  or  cannot  be  achieved 
by  transformation,  e.g.  converting  to  log10, 
nonparametric  analyses  may  be  required.  For 
investigators  unfamiliar  with  statistical  analyses, 
there  is  no  substitution  for  consultation  with  a 
biostatistician. 

One  of  the  key  first  steps  in  the  design  of 
animal  experiments  should  be  the  determination 
of  appropriate  group  sizes.  The  number  of 
animals  per  group  will  depend  on  the  endpoint 
and  the  magnitude  of  the  expected  response.  In 
this  regard,  it  is  necessary  to  perform  appropriate 
power  estimates  to  ensure  that  the  design  will 
have  sufficient  statistical  power  to  adequately 
identify  significant  or  nonsignificant  differences. 
This  is  discussed  in  some  detail  in  the  accom¬ 


panying  article  by  Hanfelt  [68].  It  is  important  to 
ensure  that  group  size  is  sufficient  to  maintain 
power  when  some  animals  may  either  die  from 
other  causes,  e.g.  drug  toxicity  or  secondary 
infection,  or  bear  tumors  that  do  not  exhibit 
appropriate  pretreatment  kinetics.  For  pilot/ 
exploratory  studies,  where  more  definitive  follow¬ 
up  studies  are  planned,  this  is  of  lesser  concern. 
The  data  from  such  pilot  studies  can  often  provide 
useful  information  on  the  expected  response  rate 
and  toxicity,  thereby  facilitating  the  generation  of 
potentially  more  relevant  power  estimates. 

Tumor  growth  delay  is  generally  assessed  in 
terms  of  the  time  necessary  for  tumor  growth  in 
each  group  to  increase  from  the  initial  size  at  the 
time  of  treatment  to  a  larger,  predetermined  size 
[66,81,98].  The  most  common  approaches  are  to 
compare  the  T/C  or  T-C  values.  Both  parameters 
are  usually  based  on  median  values,  with  zeros 
included  for  the  T/C  estimates  and  “tumor-free 
cures/tumor  free  survivors”  being  excluded  from 
the  estimates  and  analyzed  separately.  A  T/C 
value  <42%  is  generally  required  to  demonstrate 
activity  [67].  The  necessity  to  exclude  cures  may 
be  problematic  if  it  affects  the  power  of  the 
analysis.  As  discussed  by  Hanfelt  [68],  the  use  of 
median  times  also  may  be  inefficient,  with  longi¬ 
tudinal  analyses  providing  a  more  effective  use  of 
the  data. 

There  are  several  other  ways  to  explore  data 
from  tumor  growth  delay  studies.  For  example, 
survival  analyses  also  can  be  used  to  assess 
“time-to-event”  endpoints,  e.g.  time  to  reach  a 
predetermined  size.  A  further  approach  is  to  use 
a  repeated  measures  ANOVA  to  compare  tumor 
size  at  each  time  point  across  the  analysis.  This 
may  be  most  applicable  if  a  significant  number  of 
tumors  in  a  treatment  group  do  not  reach  the  pre¬ 
determined  size  in  the  control  group.  Alterna¬ 
tively,  tumor  doubling  times  can  be  estimated  for 
each  individual  tumor  in  each  group  by  applying 
Gompertzian  kinetic  analyses,  such  as  those 
performed  by  the  GROWTH  software  [70].  Tum¬ 
or  doubling  times  can  be  compared  among  experi¬ 
mental  groups  by  either  ANOVA  or  multivariate 
ANOVA  [99].  This  approach  also  is  useful  for 
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cytostatic  treatments,  e.g.,  hormones  or  anti¬ 
hormones,  and  to  ensure  that  the  kinetics  of 
regrowth  are  appropriate  for  cell  kill  estimates. 

For  tumor  excision  assays,  in  vitro  colony 
forming  ability  among  groups,  or  in  vivo  tumor 
incidence  if  reinoculated  into  recipient  mice,  can 
be  compared  by  either  ANOYA  or  multivariate 
ANOVA. 

Percent  increased  life  span  (%ILS)  is  the  most 
widely  used  activity  measure  for  ascites  tumors. 
Since  some  animals  may  survive,  survival  curves 
may  be  estimated  using  the  Kaplan-Meier  ap¬ 
proach  [100],  and  differences  in  survival  between 
treatment  groups  estimated  by  the  Log-Rank  test 
[101].  Where  early  deaths  occur  from  drug  toxi¬ 
city  and  later  deaths  from  tumor  burden,  a  model 
more  sensitive  to  early  events  may  be  necessary 
[68].  In  general,  a  %ILS  >27%  in  the  P388 
ascites  model  is  considered  the  minimum  for 
activity  when  both  drug  and  tumor  are  adminis¬ 
tered  i.p .  When  drugs  are  administered  i.v.  to  an 
i.p.  tumor,  a  %ILS  >40%  is  considered  sufficient 
to  demonstrate  activity  [67]. 

Tumor  incidence,  proportion  of  survivors,  or 
long  term  survivors,  e.g .  2x2  analysis  using  single 
treatment  and  control,  can  be  compared  among 
groups  by  %2.  If  more  than  one  site  is  used  per 
mouse,  General  Estimating  Equation  methods  are 
required  to  account  for  any  lack  of  independence 
of  tumors  within  animals  [68].  If  the  number  of 
observations  is  small,  a  Fishers  exact  test  or 
Pearson's  %2  test  may  be  used. 

Body  or  tumor  weights,  where  the  data  are 
continuous  and  randomly  distributed,  can  be 
compared  by  ANOVA  followed  by  a  multiple 
comparison  post  hoc  test  such  as  Duncan’s 
multiple  range  test  [102].  Where  it  is  required  to 
merely  compare  several  individual  groups  with 
the  same  control,  e.g .  dose-response  analysis,  and 
where  the  group  sizes  are  equal,  Dunnet’s  t-test 
can  be  used  [103].  Where  group  sizes  are  differ¬ 
ent,  Scheffe's  multiple  comparison  test  can  be 
applied  [104].  However,  it  should  be  noted  that 
some  endpoints  also  are  associated  with  several 
variables.  For  example,  organ  weights  increase 
with  increasing  body  weight.  For  such  endpoints, 


analysis  of  covariance  approaches  are  required 
[105]. 


Conclusions 

As  indicated  in  the  introduction,  many  of  the 
issues  are  raised  to  assist  investigators  in 
approaching  some  of  the  major  concerns  that  arise 
in  designing  studies  to  test  the  activity  of  cyto¬ 
toxic  agents.  There  are  alternative  approaches  to 
several  of  these  issues,  but  a  detailed  discussion 
is  beyond  the  scope  of  the  current  article.  Some 
are  described  in  detail  elsewhere  in  this  journal 
issue,  and  others  can  be  found  in  many  of  the 
publications  cited  herein.  While  the  relative 
importance  of  many  of  the  topics  addressed  will 
vary  with  the  hypothesis  and  endpoint  chosen, 
some  issues  will  apply  irrespective  of  these,  e.g. 
the  need  to  design  experiments  with  sufficient 
statistical  power. 
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